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CHAPTER 1 
GENERAL INTRODUCTION 
Rationale and Significance 
Acetyl-CoA carboxylase (EC 6.4.1.2; ACCase) carboxylates acetyl-CoA to form malonyl-
CoA, in an ATP-dependent reaction that requires the cofactor biotin (Moss and Lane, 1971). 
Biotin is covalently attached to the enzyme, and acts as a carboxyl-carrier group between donor 
and acceptor substrates (Alberts and Vagelos, 1972). The overall reaction of ACCase [3] 
involves die transfer of a carboxyl group from the HCO3' donor to the acetyl-CoA acceptor, by 
a mechanism that can be written as two half reactions, [1] and [2]: 
HCO3' + E-biotin + ATP ===> H2O + E-biotin-COa + ADP + Pj [1] 
E-biotin-C02 + acetvl-CoA ===> malonyl-CoA + E-biotin [2] 
HCO3" + acetyl-CoA + ATP ===> H2O + malonyl-CoA + ADP + Pj [3] 
A conspicuous feature of ACCase is the relationship between enzyme structure and function: 
two catalytically active domains individually effect the half-reactions [1] and [2]. These 
physically separate domains are Biotin Carboxylase (BCase) and Carboxyltransferase (CTase), 
respectively. A third domain anchors the prosthetic group to the protein by covalent attachment 
of biotin to the side chain of a lysine residue, such that the cofactor is capable of transporting 
the enzyme-bound carboxyl group between the active sites of BCase and CTase (Knowles, 
1989). ACCases from a variety of prokaryotic and eukaryotic organisms have evolved with 
different tertiary and quaternary structures, although the presence of homologous sequences in 
ACCases (and other biotin enzymes) from these sources allows for the identification of 
functional domains (Samols et al., 1988). Indeed, the primary, tertiary and quaternary 
structures of plant ACCases are of central importance to the work presented in this dissertation. 
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While biotin enzymes have been studied in microorganisms and animals for several 
decades, those in the plant kingdom have been the subject of intense study only recently. For 
many years, the only biotin enzyme known in plants was ACCase (Hatch and Stumpf, 1961). 
The product of the enzyme, malonyl-CoA, is an intermediate in a number of metabolic pathways 
which occur in separate cellular and subcellular compartments of a plant. Thus, malonyl-CoA is 
the two-carbon condensing unit used by fatty acid synthase in plastid-localized de novo fatty 
acid biosynthesis (Post-Beittenmiller et al, 1992). By contrast, the elongation of long chain 
fatty acids (Kolattukudy et al., 1976) and the biosynthesis of flavonoids (Hahlbrock, 1981) 
occur in the cytosol. In order to generate the compartmentalized pools of malonyl-CoA for 
these and other pathways, the existence of isoenzymes of plant acetyl-CoA carboxylase has 
been postulated (Nikolau et al., 1984). However, there has been vigorous debate in the literature 
regarding the presence or otherwise of different forms of ACCase in plants. 
This dissertation describes progress in an ongoing project in our laboratory to understand 
the characteristics of plant ACCase. The question of the presence of isozymes has been 
addressed here. Chapter 2 reports evidence for structurally and immunologically distinct forms 
of ACCase in carrot somatic embryos. This work confirms and extends recently published data 
on isozymes of ACCase in pea (Sasaki et al, 1993; Alban et al., 1994). Chapter 3 presents data 
which demonstrate that one form of ACCase is expressed exclusively in the epidermis in leek 
leaves, and which provide evidence that ACCase isozymes are present also in this 
monocotyledonous species. Chapter 4 describes the cloning and characterization of a cDNA 
for ACCase from soybean, and an analysis of the expression of the enzyme in the organs and 
tissues of mature soybean plants. 
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Biotin 
Biotin (vitamin H) is a small, sulfur-containing, cofactor which is covalently attached to a set 
of enzymes utilizing HCOs" in single-carbon transfer reactions (Knowles, 1989), It was first 
described as a factor required for the growth of yeast, and was later isolated from dried egg 
yolks (Kogel and Tonnis, 1936) and from liver (Gyorgy and Langer Jr., 1968). It is an 
essential element in the diets of animals, and is biosynthesized by some plants and fungi, and 
the majority of microorganisms (Eisenberg, 1973; Eisenberg, 1987). Mutations in the 
biosynthesis or utilization of biotin are lethal in bacteria (Eisenberg, 1987), yeast (Mishina et ai, 
1980), plants (Shellhanmier and Meinke, 1990), and animals (Wolf and Heard, 1989). Thus, 
biotin, as its early nomenclature (bios) implied, is essential for life. With three chiral carbons, 
there are eight possible stereoisomers of biotin, but only the D-isomer is biologically active 
(Gaudy and Ploux, 1992). The discovery and history of study of D-biotin has been extensively 
reviewed recently (Bonjour, 1991; Gaudy and Ploux, 1992). 
The structure of biotin (Fig. 1) was elucidated independently by the groups of Kogl and du 
Vigneaud in the late 1930s (Gyorgy et al., 1940; du Vigneaud et ai, 1942), and confirmed later 
by the chemical synthesis of Harris and co-workers, and by X-ray crystallography (Traub, 
1956). It is composed of an imidazolidone ring fused in the cis configuration to a 
tetrahydrothiophene ring, with a valeric acid side chain attached by its methyl end to the C-2 of 
the latter. Despite the perceived low nucleophilicity of the urea N-l', and the greater 
nucleophilicity of the ureido O atom, the carboxyl group transfer catalysed by biotin enzymes 
involves the formation of a covalent bond between the carboxyl group C and N-l'. This was 
demonstrated by Lynen et ai, who showed in 1959 that p-methylcrotonyl-CoA carboxylase 
(MCCase) from Mycobacteria carboxylates free biotin in the presence of CO2 and ATP, 
producing N-l'-carboxybiotin (Lynen et al, 1959). Moreover, chemically-synthesized N-l'-
carboxybiotin derivatives act as effective substrates for E. coli carboxyltransferase (CTase), 
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Protein 
Biotin 
Biocytin (Bet) 
[Biotin + Lysine] 
Figure 1. Structure of biotin and biotin attachment site 
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and reverse biotin carboxylase (BCase) reactions (Guchhait et al, 1974). These findings 
opened the field to studies on many aspects of the reaction mechanism of biotin enzymes, 
including the use by the ATP-dependent carboxylases of HCO3" (rather than CO2) as the 
primary carbon source (Knowles, 1989). 
Biotin was discovered in part because of its ability to alleviate "egg white injury", a 
condition of hair loss and skin lesions resulting from feeding large amounts of uncooked egg 
whites to experimental rats (Boas, 1927). The causative agent of "egg white injury" is the 
glycoprotein avidin, which binds biotin in an extermely tight (Kd= IC'S M"'), but nevertheless 
non-covalent, bond (Green, 1975). A similar, highly specific binding of biotin is observed with 
the bacterial protein streptavidin (Chaiet and Wolf, 1964). These characteristics of the 
molecular interaction of biotin and avidin or streptavidin have been employed in the work 
presented here, to purify biotin enzymes by affinity chromatography (Bayer and Wilchek, 
1980), and to detect them by a modified Western blotting procedure (Nikolau et al, 1985). The 
molecular interaction is being expolited in an increasing number of applications in both basic 
(Grimes et a/., 1988) and applied (Cronan Jr., 1990) research. 
Biotin Enzymes 
Biotin-containing enzymes, of which there are 10 currently known, are involved in a variety 
of metabolic pathways in prokaryotes and eukartoyes. These pathways include 
gluconeogenesis, lipogenesis, amino acid metabolism, and energy transduction (Samols et ah, 
1988). The enzymes can be classified according to their structures or reaction type (Moss and 
Lane, 1971; Knowles, 1989). A schematic of the tertiary structures of a number of biotin 
enzymes is shown in Figure 2. Three general classes of structure are observed in nature: 
"prokaryotic", "intermediate", and "eukaryotic". These terms derive from the phylogenetic 
Trokaryotic" Type "Intermediate" l^pe 'Eukaryotic" T^pe 
Acetyl-CoA Carboxylase 
from E. coli 
Acetyl-CoA Carboxylase 
(Streptomyces erythreus, 
Turbatrix aceti) 
Propionyl-CoA Carboxylase 
(animals, bacteria) 
3-Methylcrotonyl-CoA Carboxylase 
(animals, bacteria) 
Acetyl-CoA Carboxylase 
(animals, yeast) 
Pyruvate Carboxylase 
(animals, yeast) 
Figure 2. Tertiary structure of selected biotin enzymes 
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standing of the sources of ACCase to which the terms themselves refer. The terms are relevant 
only to the biotin enzymes actually listed in the figure. 
All the enzymes analysed contain biotin attached to the protein via an amide bond between 
the carboxyl group of the valeric acid side chain and the e-amino group of a lysine residue. The 
lysine residue in question is found in all biotin enzymes within the tripeptide Met-Lys-Met 
(Samols et ah, 1988), with one exception, in which the sequence is Gly-Lys-Phe (Duval etah, 
1994). Additional amino acids flanking the biotin attachment site are also conserved, although 
to a lesser degree. The Met-Lys-Met motif is found only rarely in non-biotin-containing 
proteins, and is, therefore, a useful characteristic by which to identify biotin enzymes. The 
biotin-lysine ligand is referred to as biocytin (Bet; see Figure 1). 
All biotin enzymes catalyse the transfer of a carboxyl group from one substrate to another, 
and are classified into three groups on the basis of the chemical nature of the donor and 
acceptor substrates (Samols et al, 1988). Class I enzymes are ATP-dependent carboxylases, 
whereas Class II enzymes are ATP-independent decarboxylases. Class HI is represented by a 
single member, the transcarboxylase enzyme of Propionibacter shermanii. 
Ci') Class I: ATP-Dependent Carboxylases 
There are six known ATP- and biotin-dependent carboxylases (Table I). These enzymes 
use an inorganic substrate (HCO3') as the carboxyl group donor and an organic substrate as the 
acceptor (A). The enzymes take their names from the acceptor substrates, and yield the 
products (P) listed. Mg"*"^ is required for activity, since the actual form of ATP used is 
[ATP-Mg"*"^]. The overall reaction catalysed by these enzymes can be written as two half-
reactions, in a fashion analogous to that written for ACCase (see reactions [1], [2], and [3] 
above). 
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Table I. Biotin-dependent Carboxylases 
Enzyme A P 
Acetyl-CoA carboxylase Acetyl-CoA Malonyl-CoA 
Propionyl-CoA carboxylase Propionyl-CoA Methylmalonyl-CoA 
Pyruvate carboxylase Pyruvate Oxaloacetate 
3-Methylcrotonyl-CoA carboxylase 3-Methylcrotonyl-CoA 3-Methylglutaconyl-CoA 
Geranoyl-CoA carboxylase Z-Geranoyl-CoA Isohexenylglutaryl-CoA 
Urea carboxylase Urea N-carboxyurea 
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Acetyl-CoA carboxylase (ACCase) is present in all organisms studied, and is dealt with in 
detail below. Propionyl-CoA carboxylase (PCCase) converts propionyl-CoA to D-
methylmalonyl-CoA, a reaction in the pathway of the catabolism of branched-chain amino and 
fatty acids, and odd-numbered fatty acids (Moss and Lane, 1971). The enzyme is found in the 
mitochondria in rat and bovine liver (Neujahr and Mistry, 1963; Hegre and Moss, 1966), and 
has been isolated from these tissues, from pig heart (Kaziro et aL, 1962) and from 
Mycobacterium smegmatis (Allen et aL, 1964). In all cases, the quaternary structure of the 
enzyme is otePe- The a subunit is biotinylated, whereas the p subunit is not. In maize leaves, 
PCCase activity is entirely a side reaction of the ACCase present in these tissues (Diez et aL, 
submitted). The gene for PCCase has been cloned from humans (REF) and rat (Browner et aL, 
1989). Pyruvate carboxylase (PyCase) carboxylates pyruvate to form oxaioacetate, a reaction 
in the pathway of both glucose and lipid biosynthesis, and an anapleurotic reaction in the TCA 
cycle (Moss and Lane, 1971). The enzyme has been characterized from a wide variety of 
organisms, and has a homotetrameric quaternary structure (Moss and Lane, 1971). The 
primary structure has been determined for PyCase from yeast (Lim etaL, 1988), mouse (Zhang 
et aL, 1993), and sheep (Rylatt et aL, 1977). 
3-methylcrotonyl-CoA carboxylase (MCCase) converts 3-methylcrotonyl-CoA to 3-
methylglutaconyl-CoA, a reaction in the degradative pathway for leucine in animals and bacteria 
(Coon et aL, 1959), and in the conversion of mevalonate to non-isoprenoid compounds in a 
pathway termed the mevalonate shunt. The enzyme from Pseudomonas citronellolis is induced 
when these cells are provided with isovalerate as the sole carbon source (Fall and Hector, 1977). 
As for PCCase, MCCase is composed of a biotinylated (a) subunit and a non-biotinylated (P) 
subunit. The bacterial enzyme is an a4P4 octamer (Schiele et aL, 1975; Fall and Hector, 1977), 
whereas the mammalian enzyme is an ct^pe dodecamer (Lau et aL, 1980). Both ce4P4 and ogPe 
quaternary structures have been reported for plant MCCase (Baldet et aL, 1992; Diez et aL, 
1994). The gene and cDNA coding for MCCase have been cloned recently from tomato 
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(Wang et al, 1994), representing the first report of the primary amino acid sequence and genie 
structure for this enzyme. MCCase has been instrumental in the study of the structure, function 
and reaction mechanism of biotin enzymes (Moss and Lane, 1971; Knowles, 1989). 
Geranoyl-CoA carboxylase (GCCase) catalyses the carboxylation of Z-geranoyl-CoA to 
form isohexenylglutaryl-CoA, an intermediate in the catabolism of isoprenoids (Seubert et al., 
1963), The enzyme from bacteria is an a4P4 complex of a 75 kDa biotinylated polypeptide, and 
63 kDa biotin-free polypeptide (Fall and Hector, 1977). The enzyme was known only from 
Pseudomonas and Acinetobacter, until its recent discovery in plants (Diez et al., manuscript in 
preparation) and rat liver (Caffrey and Nikolau, unpublished observations). However, the 
primary structures of the subunits of this enzyme are not known. Urea carboxylase (UCase) 
is comprised of both a carboxylase function and a hydrolase function. The enzyme 
carboxylates urea to form N-carboxyurea, and subsequently hydroiyses this metabolite to 
NH4'*', CO2, and H2O (Whitney and Cooper, 1972). These reactions provide metabolically 
useful N to yeast and green algae when the cells are grown on urea as the sole N source. The 
gene for UCase has been cloned from yeast (Genbauffe and Cooper, 1991). The enzyme is 
composed of identical, multifunctional subunits (Sumrada and Cooper, 1982). 
(ii'> Class n: ATP-Independent Decarboxylases 
Biotin-dependent decarboxylases (Table II) couple the decarboxylation of certain acids to 
the transport of Na+ out of the cell (Samols etal., 1988). In this class, the donor substrate (R-
CO2) is an organic acid, and the acceptor substrate is H2O. Two half-reactions ([4] and [5]) 
can be written to describe the overall process [6]: 
E-biotin + R-CO2 ===> R-H + E-biotin-C02 [4] 
E-biotin-COo + H++2Na"*';n ===> HCO^" + E-biotin + 2Na+^„| [5] 
R-C02+H++2Na+in ===> R-H + HCO3" + 2Na+out [6] 
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where Na+in and Na+out represent Na+ ions inside and outside the cell, respectively. Thus the 
purpose of these reactions is to transduce the energy released by decarboxylation into 
electronmotive force, for the maintenance of the osmotic potential within the cell. Hence, these 
enzymes do not require the cleavage of ATP. This reaction scheme has been observed in 
anaerobic prokaryotes only. 
Methylmalonyl-CoA decarboxylase catalyses the decarboxylation of methylmalonyl-
CoA to produce propionyl-CoA during the fermentation of lactate by Micrococcus lactilyticus 
(Gallivan and Allen, 1968). The enzyme is soluble, and has a molecular mass of about 300 
kDa. Oxaloacetate decarboxylase forms pyruvate from oxaloacetate during citrate 
fermentation (Moss and Lane, 1971). The genes coding for this membrane-bound protein have 
been cloned from Klebsiella (Schwarz etal, 1988) and Salmonella (Woehlke et al., 1992). 
Glutaconyl-CoA decarboxylase decarboxylates glutaconyl-CoA to produce crotonyl-CoA, an 
intermediate reaction in the fermentation of glutamate (Buckel, 1986). The enzyme is a hexamer 
of three different subunits (i.e., a2P2Y2). of molecular masses 140, 60, and 35 kDa, respectively. 
The a subunit binds and transports the Na"*". 
fiii') Class ni: Biotin-Dependent Transcarboxylase 
Transcarboxylase (TCase) catalyses the transfer of a carboxyl group from 
methylmalonyl-CoA to pyruvate, generating propionyl-CoA and oxaloacetate (Moss and Lane, 
1971). Thus, TCase is unique among the biotin enzymes in that it uses organic acids as both 
carboxyl-group donor and acceptor substrates. This reaction occurs in Propionibacteria during 
the fermentation of glucose, glycerol, or lactate to propionate. The structure of TCase has been 
investigated intensively by electron microscopy, NMR and X-ray crystallography (Samols et al., 
1988). The functional domains of the enzyme exist on three distinct protein subunits, a 12S 
subunit, a 5S subunit, and a 1.3S biotin-containing subunit. The holoenzyme is a complex of 
12 
Table II. Biotin-dependent Decarboxylases 
Enzyme R-CO2- R-H 
Methylmalonyl-CoA Decarboxylase Methylmalonyl-CoA Propionyl-CoA 
Oxaloacetate Decarboxylase Oxaloacetate Pyruvate 
Glutaconyl-CoA Decarboxylase Glutaconyl-CoA Crotonyl-CoA 
13 
six 12S monomers in a central core, to each one of which is attached a dimer of the 5S subunits. 
The attachments are formed by two 1.3S subunits, to give a total of 30 polypeptides in the 
complex. The gene encoding the 1.3S biotin-containing subunithas been cloned (Murtif c/a/., 
1985). 
Acetyl-CoA Carboxylase 
ACCase catalyses the carboxylation of acetyl-CoA to form malonyl-CoA, with the 
concomitant cleavage of ATP (Moss et ai, 1972). The reaction has an absolute dependence on 
biotin (Alberts and Vagelos, 1972). Thus, ACCase is a Class I biotin enzyme. The ACCase 
reaction is the first committed step in de novo fatty acid biosynthesis in bacteria, yeast, animals 
and plants (Moss et al., 1972; Post-Beittenmiller et ai, 1992). The enzyme has been studied 
extensively in E. coli, yeast, mammals, and plants. 
(i) E. coli ACCase 
ACCase was first isolated from £. coli by the seminal work of the laboratories of Lane and 
of Vagelos (Guchhait et al., 1974; Guchhait et al., 1974; Polakis et al., 1974). The enzyme 
shows a complex tertiary and quaternary structure, being composed of three freely dissociable 
proteins. The BCase protein, which catalyses the first half-reaction of acetyl-CoA carboxylation 
(half-reaction [1], the carboxylation of biotin), is a homodimer of 49 kDa subunits. The BCCP 
protein (two moles of biotin per mole of protein) is a dimer of identical 17 kDa polypeptides, 
with the biotin attachment site (Val-Met-Bct-Met) 35 amino acid residues from the C-terminus 
of each monomer (Rylatt et al., 1977; Muramatsu and Mizuno, 1989). The CTase protein is an 
a2^2 tetramer, with polypeptide molecular masses of 33 and 35 kDa, respectively. CTase 
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catalyses the second half-reaction [2], the transfer of the enzyme-bound carboxyl group to 
acetyl-CoA, to form malonyl-CoA. 
The structure of the E. coli enzyme has been referred to in the literature as "multisubunit", 
or "prokaryotic", terms used to denote the ability of the components to reversibly dissociate 
upon purification. The term "prokaryotic" is probably inappropriate, insofar as the tertiary and 
quatemary structure of ACCase from the prokaryote Streptomyces erythreus [see (ii) below] is 
different from that of E. coli. In addition, the term "multisubunit" may also be correctly applied 
to the yeast and animal ACCases, which are composed of two identical subunits. For these 
reasons, the term "heteromeric" will be used in this dissertation to refer to the E. coli ACCase, 
designating the fact that this enzyme is composed of different types of (dissociable) subunits. 
E.coli BCase carboxylates free biotin (Guchhait et ah, 1974), a property which has been 
expolited to study the reaction mechanism. BCase also displays a low HCOa'-dependent 
ATPase activity in the absence of biotin (Climent and Rubio, 1986). The ATPase activity 
shares several features with the BCase activity: both are HCO3" dependent, have the same Mg"*^ 
and K'^ dependence, have similar thermal stability profiles, and are equally activated by ethanol. 
The fact that the Pi produced by ATP hydrolysis obtains its fourth oxygen atom from HCO3", 
and not from H2O, indicates that HCO3" is covalently involved in the ATPase reaction. This 
finding indicates that the role of ATP in the BCase reaction is to activate HCO3" prior to 
reaction of the latter with enzyme-bound biotin (Knowles, 1989). 
The genes for all three protein components of the enzyme have been cloned (Alix, 1989; 
Muramatsu and Mizuno, 1989; Kondo et at., 1991; Li and Cronan, 1992; Li and Cronan, 1992). 
The designations of the genes are accA (CTase a subunit), accB (BCCP), accC (BCase), and 
accD (CTase p subunit). In E. coli, accC and accB comprise a single operon, whereas accA and 
accD are unlinked to each other and to accCB (Li and Cronan, 1992). 
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fii') Eukaryotic CHomomeric') ACCase 
In contrast to E. coli ACCase, the biotin-containing subunit of ACCase from mammals, 
yeast and plants is a large molecular weight polypeptide (220-280 kDa). Initial purification of 
the enzyme from bovine adipose tissue (Moss et al, 1972), and from rat liver (Inoue and 
Lowenstein, 1972), indicated the native enzyme was a protomeric species of 500 to 600 kDa, 
with very low specific activity. The enzyme from avian liver appeared to be composed of two 
different polypeptide chains (Mackall and Lane, 1977). Improved purification of the enzyme 
from rat liver (Tanabe et al., 1975) and lactating rat manmiary gland (Ahmad et al., 1978) 
indicated that the protomer in these tissues is a homodimer of 220 to 240 kDa polypeptides. 
Moreover, the protomer undergoes polymerization in the presence of millimolar concentrations 
of citrate or isocitrate to generate a polymer. The polymer is a very large structure, with an 
estimated molecular mass of 4,000 to 10,000 kDa, and a filamentous form as observed in the 
electron microscope (Ahmad et al., 1978). 
Concomitant with polymerization is a significant increase in the specific activity of ACCase 
(Lane etal., 1974). This citrate-dependent activation of mammalian ACCase was believed for 
many years to be of physiological significance in regulating fatty acid biosynthesis. Thus, 
citrate, a precursor of acetyl-CoA, stimulated polymerization and activation of the protomer, 
whereas fatty acyl-CoAs, products of the fatty acid biosynthetic pathway, promoted 
depolymerization and inhibition of ACCase activity (Carlson and Kim, 1974; Ogiwara et al, 
1978). However, the concentrations of citrate used to achieve activation of purified ACCase 
were several-fold higher than estimates of the physiological concentration of this metabolite. 
The hypothesis for the short-term regulation of ACCase by citrate has been modified recently 
by the isolation of a citrate-independent ACCase from rat liver (Thampy and Wakil, 1988). It 
now appears that reversible phosphorylation of ACCase plays the key role in regulating enzyme 
activity: dephosphorylation of the enzyme abolishes its dependence on high concentrations of 
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citrate for activation, whilst reducing its sensitivity to inhibition by palmitoly-CoA (Kim et al., 
1989). Phosphorylation of ACCase at multiple sites reverses these effects, and takes place 
rapidly in vivo (Thampy and Wakil, 1988). The sites of phosphorylation on ACCase have now 
been identified (Winz et al., 1994). A novel kinase, responsible for phosphorylating ACCase 
specifically, has been purified and characterized (Mohamed et al., 1994). 
The genes and cDNAs for homomeric ACCase from rat (Lopez-Casillas et al., 1988), 
chicken (Takai et al., 1988), yeast (Al-Feel et al., 1992), and a number of plant species have 
been cloned within the last 8 years. Analysis of the deduced amino acid sequences reveals a 
high degree of conservation of primary structure among these ACCases (40-70% identity). The 
biotin attachment site motif, Met-Lys-Met, is present in all sequences examined, although it is 
preceded by valine in ACCases from eukaryotic sources, whereas all other biotin enzymes have 
alanine at this position. Putative BCase, BCCP and CTase domains can be assigned to regions 
of each polypeptide of the homomeric ACCase, on the basis of sequence similarities with E. coli 
ACCase and other biotin enzymes. Thus, homomeric ACCases from eukaryotes are composed 
of multifunctional polypeptides. The linear order of the domains along each polypeptide is 
BCase-BCCP-CTase, from N-terminus to C-terminus, and is conserved across species. 
Indeed, there is significant conservation of primary structure among all biotin enzymes, 
including ACCases. These findings have led to speculation that biotin enzymes are a family of 
related proteins, which have evolved from a common ancestor (Samols et al., 1988). Moreover, 
it has been suggested that the multifunctional ACCase gene found in eukaryotes probably arose 
as a result of fusion events between the genes for BCase, BCCP and CTase (Lynen, 1979; 
Knowles, 1989). Interestingly, an "intermediate-type" ACCase has been isolated from 
Streptomyces erythreus (Hunaiti and Kolattukudy, 1982) and from the nematode Turbatrix 
aceti (Meyer and Meyer, 1978; Meyer et al., 1978). The enzyme from these sources is 
comprised of two distinct polypeptides, only one of which is biotinylated (Figure 2). This 
biotinylated polypeptide contains both the BCase and BCCP domains; the smaller subunit 
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represents the CTase domain. The discovery that PCCase from animals and bacteria-and 
MCCase from plants, animals, and bacteria-show similar tertiary structures, further supports the 
notion that gene fusions have occurred during evolution. Thus, the ACCase genes from S, 
erythreus and T. aceti may represent examples of the postulated gene fusion process, in which 
the genes for two of the three functional domains of ACCase have become coterminal. 
Plant Acetyl-CoA Carboxylase 
Until recently, the only known biotin-dependent catalytic activity in plants was that of 
ACCase (Hatch and Stumpf, 1961). Our laboratory has been the first to demonstrate the 
presence in plants of PCCase, MCCase, PyCase (Wurtele and Nikolau, 1990), and GCCase 
(Diez et al, in preparation). The study of plant ACCase has itself developed significantly in the 
last eight years. In particular, it is now known that plants contain at least two structurally 
distinct isozymes of ACCase (Chapter 2, this dissertation; (Sasaki et ah, 1993; Alban et al, 
1994; Konishi and Sasaki, 1994)). Moreover, within the last 8 years, ACCase has been shown 
to be the target of three classes of grass herbicides which affect lipid biosynthesis (Burton et al., 
1987; Focke and Lichtenthaler, 1987; Rendina and Felts, 1988; Walker et al, 1990). The genes 
and cDNAs for ACCase from a number of plant species have been or are being cloned, 
allowing structural, functional and evolutionary studies to be performed (Chapter 4, this 
dissertation; (Sasaki etal., 1989; Roesslerand Ohlrogge, 1993; Ashton etal., 1994; Elborough 
et al., 1994; Gomicki et al., 1994; Schulte et al., 1994; Shorrosh et al., 1994)). The current 
state of our knowledge of plant ACCases is outlined below. 
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fi') Plant ACCase Protein Structure 
Initial attempts to purify ACCase from barley embryos (Brock and Kannangara, 1976), and 
from wheat germ and parsley cell cultures (Egin-Buhler et al., 1980), were frustrated by low 
yields of the pure enzyme [<8% recovery; (Egin-Buhler et al., 1980)], due to protein 
aggregation and instability. Improved methods using avidin affinity-chromatography led to the 
purification and characterization of ACCase in parsley cell cultures (Egin-Buhler and Ebel, 
1983). The size of the biotin-containing subunit of the enzyme was reported as 220 kDa, and 
the native size of the holoenzyme was estimated as 420 kDa. These findings indicated that the 
active enzyme was composed of a homodimer of biotin-containing subunits, resembling 
ACCases from yeast and manmials (see Figure 2). 
However, other plant ACCases with native enzyme sizes of approximately 600 to 850 kDa 
showed a more complex pattern of subunits. Barley embryo ACCase apparently has 3 
subunits, with polypeptides ranging in size from 21 kDa to 41 kDa (Brock and Kannangara, 
1976). Wheat germ ACCase has 6 subunits, ranging in size from 21 kDa to 135 kDa 
(Heinstein and Stumpf, 1969; Nielsen et al., 1979), and avocado mesocarp ACCase has 3 
subunits of 47, 57 and 120 kDa (Mohan and Kekwick, 1980). The biotin subunit of purified 
ACCase from maize leaf chloroplasts was reported to be 60 kDa, with the holoenzyme being 
composed of 8 identical subunits (Nikolau and Hawke, 1984). 
Two possible explanations for the discrepancies in reports of the subunit size and 
composition of plant ACCase were discussed in the literature during the 1980's. Since 
malonyl-CoA is an intermediate metabolite in biosynthetic reactions known to occur in different 
cell compartments [see (iii) below], the existence of isozymes of ACCase was suggested (Egin-
Buhler et al., 1980; Nikolau et al., 1984; Charles and Cherry, 1986; Harwood, 1988). This idea 
is attractive since isozymes could, in theory, be differentially regulated, allowing for different 
spatial, temporal, and developmental controls of ACCase activity. Such controls might be 
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expected for an enzyme involved in plant secondary metabolism (Rhodes, 1994). It was further 
suggested that the structure of ACCases isolated from photosynthetic (leaf) and non-
photosynthetic (seed) tissue could be fundamentally different (Charles and Cherry, 1986; 
Slabas et al, 1986), An alternative explanation for the variable reports on biotin subunit size 
was that lower molecular weight biotinylated polypeptides might represent degradation products 
of higher molecular weight forms (Egin-Buhler etal, 1980; Slabas and Hellyer, 1985; Hellyer 
et al., 1986), as observed for ACCase from rat and chicken liver (Tanabe et al., 1975; Mackall 
and Lane, 1977). 
The subunit composition of ACCase has now been clarified, at least for some plants. In 
addition to the ACCases described above, the enzyme has now been purified from maize leaves 
(Egli etal., 1993; Ashton etal., 1994), soybean seeds (Charles and Cherry, 1986), rape seeds 
(Slabas and Hellyer, 1985; Hellyer et al., 1986), pea leaves (Alban et al., 1994), and the 
photosynthetic alga Cyclotella cryptica (Roessler, 1990). In each of these cases, a 220 to 240 
kD biotin-containing polypeptide was shown to be the biotin subunit of the purified ACCase. 
Of those reported, the holoenzymes range in size from 420 kDa (parsley) to 740 kDa (C. 
cryptica), as determined mainly by gel permeation chromatography. The holoenzymes appear 
to be composed exclusively of one kind of (biotinylated) subunit. Therefore, this form of plant 
ACCase is homomeric, and has an a2 (Egin-Buhler and Ebel, 1983; Egli et al., 1993; Alban et 
al., 1994; Ashton et al., 1994) or 04 (Roessler, 1990) quaternary structure, depending on the 
species. 
The homomeric ACCase described above is the minor form of the enzyme (20% of the total 
activity) present in pea leaves (Alban et al., 1994). It has now been conclusively demonstrated 
that pea leaves also contain a heteromeric type of ACCase, in addition to the homomeric form of 
the enzyme (Sasaki et al., 1993; Alban et al., 1994; Konishi and Sasaki, 1994). This enzyme is 
the predominant form of ACCase in both mesophyll and epidermal tissues, being found in the 
chloroplast stroma of mesophyll protoplasts (Alban et al., 1994). The heteromeric enzyme. 
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which has been partially purified, undergoes reversible dissociation during various 
chromatographic purification steps, revealing a complex set of nine polypeptides ranging in size 
from 32 to 79 kDa (Alban et al., 1994). The size of the biotin-containing subunit has been 
reported as 38 kDa. In the hands of these authors, almost all ACCase activity could be 
recovered upon reconstitution of the various fractions of the partially purified subunits. Thus, 
this form of pea ACCase resembles the E. coli enzyme (see Figure 2), insofar as the catalytic 
functions of the enzyme appear to exist on freely-dissociable subunits (Guchhait etal, 1974). 
The gene for one of the subunits of this heteromeric ACCase, the accD protein, is encoded 
in the pea chloroplast genome (Sasaki et al., 1993). The accD protein sequence shares 
significant homology with the p subunit of E. coli CTase (Li and Cronan, 1992), lending further 
support to the notion that the soluble, chloroplastic ACCase of pea may be of prokaryotic 
origin. These data are consistent with earlier papers citing the presence of a heteromeric 
ACCase in spinach chloroplasts (Kannangara and Stumpf, 1972; Mohan and Kekwick, 1980), 
avocado mesocarp chloroplasts (Mohan and Kekwick, 1980), and barley chloroplasts 
(Kannangara and Jensen, 1975; Reitzel and Nielsen, 1976). However, in all the cases except for 
pea, the biotin subunit was associated with the chloroplast membrane. To date, a soluble 
heteromeric ACCase has been demonstrated only in pea leaves (Sasaki et al., 1993; Alban et al., 
1994; Konishi and Sasaki, 1994) and in carrot somatic embryos (Caffrey et al., 1994; Nikolau 
et al., 1994). The results presented in Chapter 2 of this dissertation describe the heteromeric 
ACCase present in somatic embryos of Daucus carota, a member of the parsley family 
(Umbelliferae). Data are presented as to the subunit composition, and probable subcellular 
location, of this newly-appreciated biotin enzyme. 
A further level of complexity in the structure of plant ACCase has come to light recently. 
Purification of ACCase from maize leaves indicates that isozymes of the homomeric type of 
ACCase exist in this species (Egli et al., 1993). The predominant enzyme (ACCase I) has a 
biotin subunit of 227 to 230 kDa, is located in the plastids, and is sensitive to grass herbicides. 
The minor form (ACCase H) is a biotinylated polypeptide of 219 kDa, and is found only in the 
leaves, but not in mesophyll chloroplasts. This finding suggests that ACCase II may be 
expressed exclusively in the epidermis, as has been shown for the minor form of the enzyme in 
pea (Alban et ai, 1994), and as is described in this dissertation for the homomeric ACCase of 
leek (Chapter 3). Maize ACCase I and II differ in their immunological properties, their 
susceptibility to herbicides, and their behaviour in anion exchange chromatography. It is 
unliicely, therefore, that ACCase n is a degradation product of ACCase I. The mapping of two 
unlinked structural genes for maize ACCase (Appendix A, this dissertation), and the cloning of 
two distinct partial cDNAs for the enzyme [see (ii) below], strongly suggest that ACCase I and 
n represent different ACCase isozymes. 
(ii) Genes and cDNAs for plant and algal ACCase 
The first full primary amino acid sequence for ACCase from a photosynthetic organism was 
deduced from a genomic clone for ACCase isolated from the unicellular, eukaryotic alga 
Cyclotella cryptica (Roessler and Ohlrogge, 1993). The predicted size of the polypeptide 
produced is 230 kDa, and the sequence includes the conserved tripeptide Met-Lys-Met, the 
diagnostic biotin attachment site motif. Segments of the primary amino acid sequence 
corresponding to the BCase, BCCP, and CTase domains were identified by homology with the 
sequences of these proteins from E. coli ACCase. Thus, the C. cryptica ACCase is composed 
of a biotinylated, multifunctional polypeptide. Estimation of the native molecular size of the 
holoenzyme indicates that this ACCase is a homodimer (Roessler, 1990). The predicted N-
terminal amino acid sequence has characteristics of a signal sequence, suggesting that this 
enzyme may be targeted to the chloroplasts via the endoplasmic reticulum. However, the N-
terminal amino acid sequence of the mature protein from this organism has not been 
determined, and chloroplast import studies have not been reported. Thus, the subcellular 
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location of the enzyme remains to be elucidated. There appears to be only one gene for 
ACCase in C. cryptica. 
Analyses of the predicted amino acid sequences of full-length cDNAs for the 240 kDa 
ACCase from alfalfa (Shorrosh et ai, 1994) and wheat (Gomicki et al., 1994) have failed to 
identify potential signal peptides, suggesting that, in these plants, the enzyme is cytosolic. There 
appear to be multiple genes for the enzyme in both species. In addition, two partial cDNAs 
coding for ACCase from maize have been isolated (Ashton et ai, 1994). The two cDNAs are 
about 95% identical in their respective coding regions at the nucleotide level, but show 
considerably less identity in their 3'-untranslated regions. Southern blots of genomic DNA 
with one of these clones indicate the presence of at least two genes for the enzyme in maize. I 
report in this dissertation the mapping of two unlinked structural genes for ACCase in maize 
(Appendix A). Similarly, three partial cDNAs from wheat, coding for overlapping segments of 
ACCase, differ in their nucleotide sequences by about 1.5% (Gomicki et al., 1994). The 
authors concluded that at least three genes for ACCase exist in wheat, the minimum expected 
for a hexaploid organism. At least two genes for the homomeric ACCase are present in 
soybean (Chapter 4, this dissertation). These observations of the genomic organization of 
ACCase in alfalfa, wheat, maize, and soybean suggest that these species have at least two 
different isozymes of the homomeric ACCase. 
When compared to each other, the predicted amino acid sequences of the homomeric 
ACCases of plants are highly conserved overall (>60% identity). In addition, the plant enzymes 
are 40% to 60% identical at the amino acid level with ACCases from rat (Lopez-Casillas et ai, 
1988), chicken (Takai etal., 1988), and yeast (Al-Feel etal., 1992) (Chapter 4, this dissertation). 
The extent of overall conservation of primary sequence across widely divergent species 
probably reflects the common reaction mechanism for all ACCases. As observed for the 
mammalian and yeast enzymes, putative domains corresponding to the BCase, BCCP and 
CTase functions of E. coli ACCase (Guchhait et al., 1974) can be assigned to particular regions 
of the plant ACCase sequences. The linear order of the domains along the polypeptide chains 
of all plant multifunctional ACCases analysed to date is conserved: from N- to C-terminus, the 
order is BCase-BCCP-CTase (Roessler and Ohlrogge, 1993; Ashton et al, 1994; Elborough et 
al, 1994; Gomicki et al, 1994; Schulte et al, 1994; Shorrosh et al, 1994). Of these domains, 
the BCCP sequences are least conserved, except around the site of biotin attachment, at which 
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the Met-Lys-Met tripeptide is universally conserved. Unlike other biotin enzymes from 
prokaryotic organisms, in which biocytin is found 35 amino acid residues upstream of the C-
terminus of the BCCP polypeptide (Samols et al, 1988), plant ACCases, like those of rat, 
chicken, and yeast have the biotin attachmant site within the N-terminal one-third of the 
polypeptide. The most conserved domain across plant ACCase sequences is the presumed 
BCase domain. In addition, three short segments of 20 to 50 amino acid residues, spaced 
throughout the ACCase polypeptides, are very highly conserved. The presumed individual 
function of these sequences is in binding ATP, carboxybiotin and acetyl-CoA (Roessler and 
Ohlrogge, 1993; Gomicki etal, 1994; Shorrosh etal, 1994). 
Of the heteromeric ACCase demonstrated in pea chloroplasts (Sasaki et al, 1993; Alban et 
al, 1994; Konishi and Sasaki, 1994), the sequence of the gene for only one of the subunits, the 
accD protein, has been published to date (Sasaki et al, 1989). This gene is encoded in the 
chloroplast genome, and is distinguished from many other chloroplast genes in that its 
expression is not induced upon light irradiation of etiolated seedlings (Sasaki et al, 1989). The 
predicted amino acid sequence bears homology to the p-subunit of E.coli CTase (Li and 
Cronan, 1992). Curiously, the protein also contains a single zinc finger motif (Berg, 1986), and 
was originally considered to be a regulatory gene for chloroplast biogenesis (Sasaki et al, 
1989). The predicted size of the accD protein is 67 kDa, although by SDS-PAGE analysis the 
observed molecular mass is 87 to 90 kDa (Sasaki et al, 1993). The heteromeric ACCase of pea 
has a biotin-containing subunit of 35 to 38 kDa (Sasaki et al, 1993; Alban et al, 1994; Konishi 
and Sasaki, 1994). Our laboratory has recently identified the 35 kDa biotinylated polypeptide 
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of Arabidopsis as the biotin subunit of an ACCase. A cDNA clone for this subunit has been 
isolated from an Arabidopsis cDNA library, pjirtially characterized, and heterologously 
expressed in E. coli (Choi et al., manuscript submitted). Through the intense efforts of a 
number of laboratories, it is likely that the genes and cDNAs for all the subunits of the 
heteromeric ACCase of plants will be isolated and characterized in the near future. The 
predicted primary amino acid sequences, and the availability of DNA probes, should prove 
invaluable in understanding the structures and metabolic ftinctions of this enzyme. 
dii'^ Metabolic Functions of ACCase 
Plants are unique among organisms in that the product of ACCase, malonyl-CoA, is utilized 
by a diverse group of enzymes as a substrate in a variety of metabolic pathways (Figure 3). 
These pathways include the production of long chain fatty acids such as palmitate and stearate 
during de novo fatty acid biosynthesis, which occurs in the plastids (Stumpf, 1987). Malonyl-
CoA is also the substrate in a number of other metabolic pathways which are known or 
suspected to occur in the cytosol. Very long chain fatty acids (up to C32), a major component 
of plant cuticular waxes, are produced by the elongation of palmitate and stearate in the 
endoplasmic reticulum of epidermal cells (Kolattukudy et al., 1976). Malonyl-CoA for these 
elongation reactions is presumably provided by a cytosolic ACCase. 
Flavonoid (Hahlbrock, 1981), stilbenoid (Gorham, 1980), anthroquinone (Packter, 1980), 
and napthoquinone (Packter, 1980) biosynthesis also require malonyl-CoA as substrate. 
Malonyl-CoA is utilized to malonylate D-amino acids (Ogawa et al., 1973), and to produce 
malonic acid in soybean roots (Stumpf and Burris, 1981). Malonyl-CoA also appears to be a 
regulator of ethylene biosynthesis in ripening fruit (Gallardo et al., 1991; Guo et al., 1993). In 
addition to the subcellular compartmentalization of malonyl-CoA-requiring pathways, plants 
restrict some of these pathways to discrete tissue types. For example, flavonoid biosynthesis is 
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Figure 3. Metabolic roles of malonyl-CoA in plant cells 
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restricted to the leaf epidermis in some plants, such as Allium porrum (Wiermann, 1981), 
Pisum sativum (Hrazdina et al, 1982), and Sorghum bicolor (Kojima et al., 1979), but not in 
others, namely oat (Proksch et at., 1981; Wiermami, 1981). A major focus of studies of plant 
ACCase, therefore, is to address the question of the role(s) performed by the different isozymes 
of this enzyme in malonyl-CoA metabolism. 
Dissertation Organization 
The first chapter of this dissertation is comprised of a general introduction and literature 
review, with a description of the scientific questions linking each part of the thesis. Chapters 2 
to 4 are presented in the form in which they will be submitted to The Journal of Biological 
Chemistry, Plant Science, and Plant Physiology, respectively. Chapter 5 summarises the 
scientific results across the papers presented in this dissertation, draws general conclusions 
about plant ACCases, and provides a view on future work. Literature cited in the general 
introduction and conclusion sections is collected at the end of Chapter 5. Two Appendices 
follow Chapter 5. 
Chapters 2 to 4, and Appendix A, relate to research on plant ACCases. Chapter 2 describes 
the identification and partial characterization of a heteromeric ACCase from carrot somatic 
embryos, and represents a major portion of the research conducted for this dissertation. 
Chapter 3 reports the identification and tissue distribution of the homo- and hetero-meric forms 
of ACCase in leek leaves. Chapter 4 describes the cloning, characterization, and heterologous 
expression of a partial cDNA coding for the homomeric isozyme of ACCase from soybean, and 
use of the cDNA as a probe to analyse the metabolic role of this ACCase in soybean seedlings. 
Appendix A is a short report submitted to the Maize Genetics Newsletter detailing the genetic 
mapping of two structural genes for the homomeric ACCase of maize. 
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Appendix B presents research conducted during the course of a project to clone the gene for 
the biotin subunit of the heteromeric ACCase of carrot somatic embryos. The clone obtained is 
unrelated to plant ACCase genes. This Appendix reports the first molecular cloning of a cDNA 
(FL5-1) for a stable, expressed gene of carrot, whose sequence bears homology to the internal 
sequence of the maize transposable element Mu2. The report describes the characteristics of the 
sequence, as well as the tissue and temporal expression pattern of the gene in developing carrot 
seedlings. The data are presented in the form of a Short Conununication to Plant Molecular 
Biology. 
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CHAPTER 2 
CHARACTERIZATION OF A 60 kDa BIOTIN-CONTAINING POLYPEPTIDE OF 
CARROT AS THE BIOTIN SUBUNTT OF AN ACETYL-CoA CARBOXYLASE 
A paper to be submitted to the Journal of Biological Chemistry 
James J. Caffrey, Greg Keller, Eve Syrkin Wurtele, and Basil J. Nikolau 
SUMMARY 
Six biotin-containing polypeptides of about 220 kDa, 140 kDa, 78 kDa, 60 kDa, 35 kDa and 
32 kDa are present in crude extracts of carrot somatic embryos. The 220 kDa biotin-containing 
polypeptide has been identified as the biotin subunit of acetyl-CoA carboxylase in a number of 
plant species. We have previously reported that the induction of the 60 kDa biotin-containing 
polypeptide (60kDBP) during carrot somatic embryogenesis is accompanied by a ten-fold 
increase in the specific activity of acetyl-CoA carboxylase (1). Immunoprecipitation with 
antibodies raised to avidin affinity-purified preparations of the 60kDBP removed about half the 
acetyl-CoA carboxylase activity present in cell-free extracts of carrot embryos. The anti-60kDBP 
serum does not react with the 220 kDa acetyl-CoA carboxylase on Western blots, nor does it 
immunoprecipitate this biotin-containing polypeptide. The molecular weight of the initial 
translation product of the 60kDBP is approximately 66 kDa. The 60kDBP is present in the cell 
in a complex of at least 2 million Da, which dissociates during size exclusion chromatography 
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with a concomitant loss of acetyl-CoA carboxylase activity. Non-biotinylated polypeptides of 90 
kDa and 39 kDa are associated with the 60kDBP in vivo. Tryptic peptide mapping of the 60, 35, 
and 32 kDa biotinylated polypeptides indicates that these species share primary amino acid 
sequence. These inununological and structural characterizations are consistent with the 60kDBP 
being the biotin subunit of a heteromeric acetyl-CoA carboxylase which may reside in the 
plastids. The metabolic significance of two acetyl-CoA carboxylases will be discussed. 
INTRODUCTION 
Acetyl-CoA carboxylase (EC 6.4.1.2.) is a biotin-containing enzyme that catalyses the ATP-
dependent carboxylation of acetyl-CoA to form malonyl-CoA (2). In all organisms, malonyl-
CoA is the "activated acetate" moiety that is used in the elongation of acyl chains during de novo 
fatty acid biosynthesis. The plant kingdom, however, is unique in that a diverse set of enzymes 
utilize malonyl-CoA as a substrate in the synthesis of a number of compounds fundamental to 
plant cellular and organismal function. These enzymes are distributed amongst different 
subcellular compartments, and include a plastid-localized fatty acid synthase (3), a cytoplasmic 
fatty acid elongating enzyme bound to the endoplasmic reticulum (4), chalcone synthase (5), 
stilbene synthases (6), D-phenylalanine AT-malonyltransferase, and 1-aminocyclopropane-l-
carboxylate A^-malonyltransferase (7). 
The molecular structure of plant acetyl-CoA carboxylase has been the subject of intense 
discussion in the literature, since contemporaneous reports have suggested that the enzyme has a 
biotin subunit of >220 kDa or <60 kDa, depending on the species studied (8-12). Acetyl-CoA 
carboxylases which have a 220 to 260 kDa biotinylated subunit have been purified from a variety 
of plant species (13-18). These acetyl-CoA carboxylases are homodimers of approximately 450 
to 700 kDa, and resemble those from manmials and yeast, in which the three functional domains 
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of the enzyme-biotin carboxylase, biotin carboxyl carrier protein, and carboxyltransferase-reside 
on a single polypeptide (19). Genes and cDNAs for this acetyl-CoA carboxylase have been 
cloned from alfalfa, wheat, rape and Arabidopsis (20-22); from the absence of a plastid targeting 
transit peptide at the 5' ends of the genes, it has been inferred that the enzyme is cytosolic (20). 
Recently, a heteromeric, "prokaryotic-type" acetyl-CoA carboxylase from pea chloroplasts has 
been demonstrated. This acetyl-CoA carboxylase is comprised of a number of dissociable 
subunits, including a biotin-containing subunit of 35-38 kDa, Thus, plants are unique among 
organisms studied so far in that they contain two structurally distinct forms of acetyl-CoA 
carboxylase (13,23,24). 
This publication reports the purification of a 60 kDa biotin-containing polypeptide (60kDBP) 
from carrot somatic embryos. Inmiunological and structural characterization of this polypeptide 
has identified it as the biotin subunit of another form of acetyl-CoA carboxylase. The possibility 
that this form of acetyl-CoA carboxylase is specific to the seeds or embryos of the Apiacaea is 
discussed. 
MATERIALS AND METHODS 
Plant Materials and Tissue Culture 
Seeds of Daucus carota var. Danver were germinated in a sterile soil mix, and plants were 
grown in a greenhouse at 18-22°C under ambient illumination. Carrot cultures were initiated and 
maintained as previously described (25,26). Embryogenic carrot cultures were initiated from the 
secondary phloem of the roots on a solid Murashige and Skoog (1962) medium containing 0.5 
mg/liter of the auxin 2,4-D. Embryogenic callus was selected and inoculated into an identical 
liquid medium, but without agar. Such suspension cultures were maintained by transferring into 
fresh medium at 7-day intervals. Somatic embryogenesis was induced by transferring 
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suspension-culture cells into an identical liquid medium lacking 2,4-D. Two to three weeks after 
transfer, developing torpedo-staged embryos were collected on a stainless-steel screen of 1910 
|im mesh size. 
Protein Analytical Methods 
SDS-PAGE was conducted as described (27). Protein samples were adjusted to 1% (w/v) 
SDS, 40 mM Tris-HCl, pH 6.8, 5% (v/v) glycerol, and 50 mM DTT (SDS-PAGE Sample 
Buffer), and denatured by boiling 3-5 min, prior to electrophoresis. Proteins were detected in the 
gels by staining with Coomassie Brilliant Blue. Proteins radioactively labeled with L-
[35S]methionine were detected by fluorography (28). Enzymatic activities of biotin enzymes were 
determined as the rate of substrate-dependent incorporation of radioactivity from NaH'^^COa into 
the acid-stable product (29). Blank assays containing water as substrate were performed for each 
experimental assay. Protein concentration was determined by a dye-binding procedure (30). 
Two-dimensional SDS-PAGE peptide mapping was carried out substantially as described by 
Cleveland et al (31). The pertinent details are given in the text and in the legend to Figure 2. 
Western blotting was performed according to the method of Towbin et al (32), using a 
MilliBlot-SDE protein transfer apparatus (Millipore). Inmiunological detection of individual 
polypeptides was by either of two methods: nitrocellulose membranes were sequentially incubated 
with antisera and '^^I-labeled Protein A, followed by autoradiography; alternatively, primary 
antibody-antigen complexes were labeled with a secondary antibody conjugated to alkaline 
phosphatase (Bio-Rad), and detected colorimetrically using BCIP and NBT (33). Biotin-
containing proteins were detected by incubating nitrocellulose filters with either '^^I-labeled 
streptavidin, followed by autoradiography (34), or streptavidin-conjugated alkaline phosphatase 
(BRL), followed by colorimetry, as described above (33). 
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Affinity Purification of Biotin-Containing Polypeptides 
Somatic embryos (500 g) were frozen in a mortar with liquid nitrogen and pulverized to a fine 
powder. After the addition of 500 ml of an SDS-containing extraction buffer (50 mM Tris-HCl, 
pH 7.0, 10 mM DTT, 5 mM EDTA, 5 mM sodium bismetabisulphite, 2 mM benzamidine, 2% 
(w/v) SDS, 5% (v/v) glycerol, 0.05% (v/v) Triton X-100 and 100 M,g/ml PMSF), homogenization 
was carried out on ice as the slurry melted. Once homogenization was completed, the extract was 
quickly heated in a boiling water bath and kept at 100°C for 20-30 min. The extract was filtered 
through 2 layers of cheesecloth plus one layer of Miracloth, and the filtrate was clarified by 
centrifagation at 30,000g for 30 min. Biotin-containing polypeptides were specifically collected 
from the supernatant with immobilized avidin. To each 1(X) ml aliquot of supernatant, 2.5 ml of 
packed, cross-linked agarose-avidin (Pierce) was added, and the mixture was stirred for 2 h. The 
agarose-avidin was collected by centrifiigation (l,600g for 10 min) and washed three times with 
2% (w/v) SDS, 5% (v/v) glycerol, 20 mM Tris-HCl, pH 7.0, 2 mM DTT and 1 mM EDTA 
(Wash Buffer). Biotin-containing polypeptides were eluted from the agarose-avidin by heating 
the suspension in a boiling waterbath and filtering the suspension through a glass-fritted column. 
The resin was washed with one volume of Wash Buffer heated to between 85°C and 95°C. The 
eluate and wash fractions were pooled, and concentrated by ultrafiltration with Centricon-10 
membranes. 
Generation of Antisera 
Affinity-purified biotin proteins were subjected to preparative SDS-PAGE in 1.5 mm thick 
slabs of 12% polyacrylamide gel. After the gels were stained with Coomassie Brilliant Blue, the 
60,35 and 32 kDa biotin-containing polypeptides were excised, pulverized, and emulsified with 
Freund's Complete Adjuvant (Sigma). Serum directed against each protein preparation was raised 
in individual New Zealand White female rabbits. Emulsion containing approximately 300 |Lig of 
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protein was injected interdermally at multiple sites on the back of each rabbit. A month after the 
initial immunization, and at two-week intervals thereafter, these rabbits were challenged with 
intramuscular injections of 150-200 |i.g of each protein preparation emulsified in Freund's 
Incomplete Adjuvant. One week after each injection, 2-3 ml of serum was obtained, and the titre 
of each antiserum was monitored by an ELISA method (35, 36). Pre-immune serum was 
obtained from each rabbit two weeks prior to the initial challenge with antigen. In some 
experiments, whole rabbit serum (Cappel, Organon Teknika, PA) was used as pre-immune control 
serum. 
Generation of Non-Denatured Carrot Somatic Embryo Protein Extracts 
Carrot somatic embryos (3-5 g) frozen in liquid nitrogen were pulverized with a mortar and 
pestle, and extracted with 2-3 volumes of a nondenaturing extraction buffer (100 mM HEPES-
KOH, pH 7.0, 20% (v/v) glycerol, 1 mM EDTA, 0.1% (v/v) Triton X-100, 20 mM 2-
mercaptoethanol, 1(X) |Xg/ml PMSF). Extracts were clarified by centrifiagation at 10,000^ for 15 
min, and desalted by chromatography on Sephadex G25 columns equilibrated with the extraction 
buffer. Extracts were assayed immediately as described above, or frozen in liquid nitrogen and 
stored at -70®C until use. 
Immunodepletion of Acetyl-CoA Carboxylase Activity 
Increasing amounts of antiserum or preimmune control serum (as indicated in Figure 3A) were 
added to identical aliquots of non-denatured embryo protein extracts which had been diluted 5-
fold into 50 mM Tris-HCl, pH 8.0,1 mM EDTA and 20 mM 2-mercaptoethanol (Protein Buffer) 
in a final volume of 0.5 ml. The mixture was incubated on ice for 1-2 h. Antibody-antigen 
complexes were incubated with Protein A-Sepharose for an additional 1-2 h on ice. After 
centrifugation at 12,000g for 2 min, the supematants were reserved and assayed for residual 
biotin-dependent carboxylase activities. The resulting Protein A-Sepharose pellets were washed 5 
times with Protein Buffer containing 200 mM KCl and 0.05% (v/v) NP-40. Bound antigens were 
eluted from the Protein A-Sepharose by boiling the pellets in SDS-PAGE Sample Buffer for 5 
min, and the eluates were analysed by SDS-PAGE and Western blotting. 
In Vivo Labeling of Carrot Somatic Embryos and Immunoprecipitation of the Products 
Approximately 1 g (fresh weight) of developing carrot somatic embryos was incubated in 
Murashige and Skoog medium with 200 ^iCi L-[35S]methionine (>1000 Ci/mmol) for 18 h at 
room temperature on a shaking platform. Labeled cells were washed 3 times with 100 mM 
HEPES-KOH, pH 7.0, and extracted on ice with 2-3 volumes of 1(X) mM HEPES-KOH, pH 7.0, 
1 mM EDTA, 0.1% (v/v) Triton X-100,20 mM 2-mercaptoethanol, 100 ^ ig/ml PMSF, 10 jiM E-
64, using a Pyrex glass tissue homogenizer. Extracts were centrifuged at 10,000g for 15 min at 
4°C, and the supernatants recovered. Clarified extracts were used immediately for 
inmiunoprecipitation experiments, or frozen and stored at -70°C until use. Incorporation of L-
P^S]methionine into protein was estimated by TCA precipitation (33). Immunoprecipitations 
were conducted as follows: 0.01 ml preimmune serum or anti-60kDBP serum was incubated on 
ice for 1 hr in 0.4 ml 1 X RIPA buffer (150 mM NaCl, 10 mM Tris-HCI, pH 7.5, 5 mM EDTA, 
1% (w/v) bile salts, 0.1% (v/v) SDS) that contained either 0.01 ml water or 0.01 ml serial dilutions 
of the affinity-purified 60kDBP. Identical aliquots of metabolically-labeled protein containing 
3.5 X 10^ dpm (TCA-precipitable) were added in a volume of 0.1 ml, and incubation was allowed 
to proceed on ice for 4 hr. Protein A was added as a 10% (w/v) suspension of Staphylococcus 
aureus cell ghosts (Pansorbin, Calbiochem, CA). Following an additional 6 h incubation on ice, 
the antigen-antibody-cell-ghost complexes were collected by centrifugation (5,000g, 1 min), and 
the pellets were washed 5 times with RIPA Buffer. Immunoprecipitated antigens were eluted by 
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boiling the washed pellets in SDS-PAGE Sample Buffer for 5 min, and the eluates were analyzed 
by SDS-PAGE and fluorography. 
Size Exclusion Chromatography 
One ml aliquots (8-10 mg protein) of nondenatured protein extracts were chromatographed in 
a Sephacryl S-400 (Pharmacia) column (1 m x 2 cm) pre-equilibrated with Running Buffer (10 
mM HEPES-KOH, pH 7.0, 20% (v/v) glycerol, 1 mM EDTA, 20 mM 2-mercaptoethanol). In 
some experiments. Running Buffer was supplemented with 50 mM KCl. The column was 
calibrated independently in both buffer compositions. Flow rate was 20 ml/hr. Fractions of 1.5-
2.5 ml were collected, and analysed for protein content by A260 value, and for biotin-dependent 
catalytic activities as described above. Fraction volumes were determined to within 0.01 ml, and 
used to calculate elution volumes (Ve) of each molecular species. Void volume of the column 
(Vo) was determined using a 50 mg/ml solution of blue dextran. Standard curves of log 
molecular weight (ordinate) vs. VgA^o (abscissa) gave linear relationships, from which apparent 
molecular masses were estimated. The native molecular weight standards (Sigma) used to 
calibrate the column were: apoferritin dimer (886,000) and monomer (443,000), thyroglobulin 
(669,000), amylase (200,000), alcohol dehydrogenase (150,000), and bovine albumin dimer 
(132,000) and monomer (66,000). 
Analysis of Primary Translation Products of the 60kDBP 
Total RNA was extracted and purified from carrot tissues as described (37). Optimal amounts of 
RNA (2-5 |j,g) were translated in vitro, in the presence of L-[35S]methionine (>1000 Ci/mmol), 
using a rabbit reticulocyte lysate system (Promega, WI). Antisemm or preimmune control serum 
(2 |xl) was added to in vitro translation reactions containing 3.8 X 10^ dpm (TCA-precipitable) in 
0.5 ml 1 X RIPA buffer supplemented with 0.2 mM PMSF. The reactions were incubated on ice 
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for 4 h, after which 0.05 ml 10% (w/v) Protein A was added as Staphylococcus aureus cell 
ghosts. Antigen-antibody-cell-ghost complexes were collected and analyzed by SDS-PAGE and 
fluorography as described for proteins labeled in vivo. Competition experiments using unlabeled, 
affinity-purified 60kDBP were performed as follows: aliquots of the preimmune serum and 
antiserum were preincubated on ice for 60 min with increasing amounts of avidin-purified 
60kDBP in the final reaction conditions, prior to the addition of the in vivo-labeled proteins. 
RESULTS 
Structural and Immunoiogical Relationships of the 60, 35 and 32 kDa Biotin-
Containing Polypeptides 
Somatic embryos of carrot contain six biotinylated polypeptides, and, during the development 
of the embryos, the accumulation of one of these polypeptides, the 60kDBP, is dramatically 
induced (38). To investigate the enzymatic function, structure, and regulation of the 60kDBP, we 
undertook the purification of biotin-containing polypeptides from developing, torpedo-staged 
somatic embryos. Proteins were extracted from embryos with a buffer containing 2% (w/v) SDS, 
and the biotin-containing polypeptides were purified by affinity chromatography using agarose-
avidin (Materials and Methods). The avidin-binding proteins were subjected to SDS-PAGE to 
determine the purity of the preparation. Coomassie Brilliant Blue staining of the gel showed two 
predominant polypeptides, with molecular masses of 78 kDa and 60 kDa (Fig. 1 A, lane 1). A 
Western blot of an identical gel, incubated with '^si.streptavidin, indicated that these two 
polypeptides contain biotin (Fig. 1 A, lane 2). The preparation also contained lesser quantities of 
the 220 kDa, 140 kDa, 35 kDa and 32 kDa biotin-containing polypeptides (1,29), as observed on 
longer exposures of the radioactive filter (Fig. lA, lane 3). We estimated yields of 5-10 mg of 
pure, biotin-containing polypeptides from 500 g of fresh tissue. 
The 60kDBP and 32kDBP were further purified by preparative SDS-PAGE, and each protein 
was used individually to immunize rabbits for the generation of antibodies (Materials and 
Methods). The anti-60kDBP serum reacted with the 60kDBP on Western blots of carrot somatic 
embryo protein extracts when the antibody-antigen complexes were detected with i25i_protein A 
(Fig. IB, lane 2). When an alkaline phosphatase-conjugated secondary antibody was used in a 
colorimetric detection-based system, the anti-60kDBP serum also detected the 32 kDBP (see Fig, 
2C). Moreover, similar analyses with the serum containing antibodies against the 32kDBP 
showed that the anti-32kDBP antibodies react with both the 32kDBP and with the 60kDBP (Fig 
IB, lane 3). Neither antiserum reacted with other proteins in carrot somatic embryos. These 
results were consistently observed, and indicate that the 60 and 32 kDa biotin-containing 
polypeptides share common epitopes that are recognized by both antisera. Thus, the 60kDBP 
and 32kDBP are immunologically related. 
The relationship between the 60kDBP and 32kDBP was further investigated by peptide 
mapping of the two proteins (31). The two proteins were separated by SDS-PAGE in 12.5% 
acrylamide gels, and the regions of the gel containing the 60kDBP and 32kDBP were separately 
harvested. Equal sized gel slices containing each protein were placed in the stacking wells of a 
second, 20% polyacrylamide gel, and overlaid with the amounts of either trypsin or chymotrypsin 
indicated in the legend to Figure 2. Following limited proteolysis, the peptide products were 
fractionated by electrophoresis, and electrophoretically-transferred to nitrocellulose filters. The 
filters were then probed with i^si-streptavidin to detect the biotinylated peptides. The 60kDBP 
and 32kDBP both generated a common set of biotinylated chymotryptic and tryptic peptide 
products, in the range of 5 to 15 kDa (Fig. 2A and 2B, respectively). In addition, these filters 
were subsequently probed immunologically with the anti-60kDBP (Fig, 2C) or anti-32kDBP sera 
(data not shown), and the antigen-antibody complexes were visualized with alkaline phosphatase 
conjugated secondary antibodies. This analysis showed that these sera reacted with both the 
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60kDBP and 32kDBP, and the tryptic and chymotryptic peptides generated by both these 
proteins. 
Taken together, these analyses demonstrate that the 60kDBP and the 32kDBP share common 
immunological and structural motifs, and suggest that these two proteins originate from the same 
primary translation product. 
The Enzymatic Function of the 601(DBP 
Recently, a 35-38 kDa biotin-containing polypeptide has been shown to be the biotin subunit 
of a multisubunit isozyme of acetyl-CoA carboxylase in pea chloroplasts (13,23,24). Since we 
have established a structural and immunological relationship between the 60kDBP and the 
32kDBP of carrot somatic embryos, it was of interest to investigate more directly the relationship 
between the 60kDBP and acetyl-CoA carboxylase in these cells. The anti-60kDBP serum was 
used to ascertain whether any biotin-dependent carboxylase activity could be immunodepleted 
from extracts of carrot somatic embryos. 
Equal aliquots of a non-denatured protein extract from somatic embiyos containing acetyl-CoA 
carboxylase (18 pmol/min), propionyl-CoA carboxylase (5 pmol/min) and 3-methyIcrotonyl-CoA 
carboxylase (12 pmol/min) activities were incubated with increasing quantities of pre-immune 
serum or anti-60kDBP serum. The antigen-antibody complexes formed were bound to Protein 
A-Sepharose, and removed by centrifugation. The supernatants were assayed for residual 
activities of the biotin enzymes present in the extract, and the immunoprecipitated fraction 
analyzed to ascertain which biotinylated polypeptides had been removed. The use of preimmune 
serum in these experiments had no significant effect on the activities of the biotin-containing 
enzymes (Fig. 3A), and no biotinylated polypeptides were recovered in the precipitated fraction 
(Fig. 3B, lane 3). The anti-60kDBP serum had no effect on 3-methycrotonyl-CoA carboxylase 
activity. However, increasing amounts of antiserum resulted in the removal of up to half the 
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acetyl-CoA carboxylase activity (9 units) and up to half the propionyl-CoA carboxylase activity 
(1.9 units) present in the extract (Fig. 3A). In addition, SDS-PAGE and western analysis of the 
immunoprecititated fraction showed that this treatment removed two biotinylated polypeptides, the 
60kDBP and the 32kDBP (Fig. 3B, lane 4). Even after long exposures of the filters (>10 days), 
no other biotinylated polypeptide was detected in the immunoprecititated fraction (data not 
shown). In particular, the 220kDBP, which is the biotin-containing subunit of a homomeric, 
eukaryotic-type acetyl-CoA carboxylase in plants (13-18), was never detected in this fraction. 
The co-immunoprecipitation of the 60kDBP and 32kDBP is consistent with the common 
immunological and structural motifs that are shared between these two proteins. Furthermore, the 
coincidental immunodepletion of acetyl-CoA carboxylase activity, indicates that the 60kDBP is 
the biotin-containing subunit of an acetyl-CoA carboxylase. Many acetyl-CoA carboxylases (2, 
39-41), including plant acetyl-CoA carboxylases (11,42), in addition to carboxylating acetyl-CoA, 
also catalyze (but less efficiently) the carboxylation of propionyl-CoA. Therefore, the small 
amount of propionyl-CoA carboxylase activity (one third of the acetyl-CoA carboxylase activity) 
immunodepleted from the extract by the anti-60kDBP serum probably represents a side-reaction 
of the acetyl-CoA carboxylase being immunoprecipitated. Efforts to detect acetyl-CoA 
carboxylase activity in the immunoprecipitates of the immunodepletion experiments described 
above were unsuccessful (data not shown). 
Quaternary Structure of the 60kDBP-Containing Acetyl-CoA Carboxylase 
To begin the characterization of the structure of the enzyme containing the 60kDBP, we 
undertook its biochemical purification. Extracts from carrot somatic embryos were fractionated 
by gel filtration chromatography on a Sephacryl S-400 column. In most chromatographic 
analyses, a single peak of acetyl-CoA carboxylase activity eluted from the column (Fig. 4A). 
Consistent with numerous previous determinations of the molecular weight of plant acetyl-CoA 
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carboxylases, the elution volume of this peak corresponded to a molecular weight of 500,000 ± 
50,000, and v/as coincidental with the elution of the 220kDBP (Fig.4B, fraction 41). Thus, carrot 
somatic embryos contain a homomeric acetyl-CoA carboxylase with a biotin-containing subunit 
of220kDa. 
In these chromatographic analyses, the 60kDBP eluted at an elution volume corresponding to 
an approximate molecular weight of 3 million (Fig 4C, left panel). However, fractions containing 
the 60kDBP at this elution volume were inactive for acetyl-CoA carboxylase. When extracts were 
chromatographed on a similar column in the same buffer containing an additional 50 mM KCl, 
the elution profile of the 60kDBP was altered (Fig. 4B). In these conditions, the 60kDBP eluted 
at a range of molecular weights, from about 2 million to 60. These results indicate that the 
60kDBP is part of a very large complex which is readily dissociable. The instability of this 
complex is observed to a degree in low salt buffer (Fig. 4C), but is increased in the presence of 
KCl (Fig. 4B), in which case the complex chromatographs at a range of molecular weights. 
These chromatographic behaviours of acetyl-CoA carboxylase activity and of the 60kDBP are 
consistant with the immunodepletion experiments that identify this biotin protein as a subunit of 
an acetyl-CoA carboxylase. 
To identify other polypeptides that may be associated with the complex containing the 
60k;DBP, proteins of carrot somatic embryos were radioactively labeled by incubating the 
embryos with [35S]methionine. The radioactively labeled proteins were extracted under non-
denaturing conditions, and the extract was subjected to immunoprecipitation with the anti-
60kDBP serum. The immunoprecititated fraction was analyzed by SDS-PAGE and 
fluorography, or the gels were subjected to western blotting and probed with alkaline 
phosphatase-linked streptavidin. These analyses showed that five polypeptides were 
inmiunoprecipitated by the anti-60kDBP serum (Fig. 5A, lane 3, and Fig. 5B). In addition to the 
three biotinylated polypeptides that are immunoprecipitable by the anti-60kDBP serum (the 
60kDBP, 35kDBP, and the 32kDBP; Fig. 5B), two non-biotinylated polypeptides were also 
immunoprecipitated, with approximate molecular masses of 90 and 39 kDa (Fig. 5A, lane 3). The 
immunoprecipitation of these proteins was dependent on the anti-60kDBP antibodies, as these 
proteins were absent in reactions carried out with pre-inunune serum, or in control reactions 
lacking serum (Fig. 5 A, lanes 2 and 1, respectively). In addition, the immunoprecipitation of these 
proteins could be eliminated by preincubating the anti-60kDBP serum with affmity-purified 
60kDBP. Thus, preincubation of the antiserum with increasing amounts of purified 60kDBP 
concomitently eliminated the ability of the serum to immunoprecipitate the 90, 60, and 39 kDa 
polypeptides (Fig. 5A, lanes 4-8). These results indicate that the 90 kDa and 39 kDa 
polypeptides are probably components of the complex that contains the 60kDBP. The 90 kDa 
polypeptide that co-precipitated with the 60kDBP is very close in molecular weight to the 
chloroplast-encoded accD protein, which has been shown to be a subunit of the chloroplast-
localized acetyl-CoA carboxylase (24). Thus, the 90 kDa polypeptide detected in these 
experiments may be the carrot accD homolog. 
In total, the immunoprecipitation experiments and the gel filtration chromatography 
experiments described in this work indicate that the 60kDBP is in a large complex that contains at 
least three, and possibly five, different polypeptides, viz., the 60kDBP, the 90 kDa polypeptide 
that may be the accD protein, the 39 kDa polypeptide, and possibly the 35kDBP and 32kDBP. 
Primary Translation Product of the 60kDBP 
To obtain an indication of the subcellular location of the 60kDBP, we analysed the primary, in 
vj7ro-translated product of the 60kDBP. RNA was isolated from developing carrot somatic 
embryos and translated in vitro in the presence of [35S]methionine using a rabbit reticulocyte 
lysate. Upon the addition of 5-15 /ig RNA to the in vitro translation reaction, protein synthesis 
was stimulated 10- to 20-fold, compared to reactions in which no exogenous template was added 
(data not shown). Upon termination of the in vitro translation reactions, newly-synthesized. 
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radioactively-labeled proteins that were recognized by the anti-60kDBP antibodies were 
immunoprecipitatied and visualized by SDS-PAGE and fluorography. These analyses revealed 
three prominent polypeptides of 66,60 and 50 kDa (Fig. 6, lane 2), the former two of which were 
the most prominent. The precipitation of these polypeptides was dependent upon the use of the 
anti-60kDBP serum, since the use of pre-immune control serum (Fig. 6, lane 1) or no serum (data 
not shown) failed to immunoprecipitate any radioactive polypeptides. 
To confirm that the in vitro translation products immunoprecipitated by the anti-60kDBP 
serum were indeed related to the 60 kDBP, inmiunoprecipitation competition experiments were 
conducted. Aliquots of the in vitro translation reactions were immunoprecipitated with anti-
60kDBP serum that had previously been incubated with increasing amounts of a preparation of 
the non-radioactive, affinity-purified 60kDBP. The effect of preincubating the antiserum with 
increasing amounts of 60kDBP was to reduce and eventually eliminate the ability of the anti-
60kDBP serum to immunoprecipitate each of the three in vitro translation products (Fig. 6, lanes 
3-6). Thus, all three in vitro translation products products share epitopes with the 60kDBP. The 
66 kDa polypeptide probably represents the primary translation product. The 60 kDa and 50 
kDa polypeptides may represent products that are truncated due to either improper translation of 
the mGRNA, or to proteolytic degradation of the 66 kDa polypeptide. The finding that the 
60kDBP is initially translated as a 66 kDa precursor is consistent with the presence of a N-
terminal transit peptide that targets this protein across a membrane, possibly the chloroplast 
envelope membrane. This finding is consistent with the plastid localization of the heteromeric 
acetyl-CoA carboxylase found in pea leaves (13,23,24). 
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Developmental Regulation of the Accumulation of the 60kDBP During Carrot Somatic 
Embryogenesis 
Previous studies have established that the accumulation of the 60kDBP, as determined via its 
biotin prosthetic group, is induced during the later stages of the development of carrot somatic 
embryos (1, 38). This induction may represent an increase in the accumulation of the protein 
itself, or increased biotinylation of pre-existing apoprotein. To distinguish between these two 
mechanisms, western blots of 40 |Xg protein from carrot somatic embryos at various stages of 
development were probed with i^Si-streptavidin (Fig. 7A): a duplicate blot was probed with the 
anti-60kDBP serum and '^Sj.protein A (Fig. 7B). Both analyses revealed an identical 
accumulation pattern. The 60kDBP was not detectable in cells maintained in the presence of the 
exogenous auxin 2,4-D (Fig. 7, lane 1). Upon the induction of embryogenesis by the transfer of 
cells into media lacking 2,4-D, the 60kDBP was first detected upon the morphological appearence 
of globular embryos (Fig. 7, lane 2), and its accumulation increased to a maximum in torpedo 
staged embryos (Fig. 7, lanes 3-5). Thus, the developmental induction of the 60kDBP is due to 
increased accumulation of the protein rather than increased biotinylation of a pool of apoprotein. 
DISCUSSION 
Six biotinylated polypeptides can be detected in extracts from torpedo-staged somatic embryos 
of carrot (1,29, 38). Western analyses with '^^I-streptavidin have shown that the accumulation 
of the 60kDBP is dramatically induced during the formation of the embryos (38). To identify the 
enzymatic function of this biotinylated polypeptide, and to ascertain the mechanism by which 
accumulation is achieved, we undertook the purification of the protein. 
The strategy utilized to purify the 60kDBP made use of the high affinity of avidin for biotin 
(Kd=10-'5 M"') (43). Because of this high affinity, we were able to collect all the biotinylated 
polypeptides from extracts of carrot embryos with the use of immobilized avidin. Since the 
biotinylated polypeptides were eluted from the affinity matrix by denaturing the avidin, the 
purified protein ligands were obtained in a denatured state. Thus, we were unable to directly 
assay each purified protein for its enzymatic function. Furthermore, because the biotinylated 
proteins were to be recovered in a denatured state, the initial extract from which these proteins 
were to be purified was prepared with boiling 2% SDS. The overall purification procedure was 
quick: less than 8 hours from extraction to pure proteins. Furthermore, since the extract was 
made with a strong denaturing agent (boiling 2% SDS), many, if not most, of the endogenous 
proteases were probably inactivated during extraction, ensuring the recovery of biotinylated 
proteins as they occur in planta. Lastly, because the entire extract was subjected to affinity 
chromatography without any prior fractionation, all biotinylated polypeptides were collected and 
purified by this step. 
The individual purified biotinylated polypeptides were used to immunize rabbits, and antisera 
were generated to the 60kDBP and 32kDBP. Both of these antisera revealed that these two 
proteins share common epitopes. The anti-60kDBP serum reacted with both the 60kDBP and the 
32kDBP in Western blots and in immunoprecipitation reactions. Conversely, the anti-32kDBP 
serum reacted with both the 32kDBP and the 60kDBP in similar analyses. In addition to the 
immunological similarity between these two biotinylated proteins, partial tryptic and chymotryptic 
digestion of the 32kDBP and 60kDBP generated a common set of biotinylated peptides. Thus, 
these two proteins are structurally related. In fact, the data generated to date indicate that the 
32kDBP may be derived from the 60kDBP. 
Additional, independent confirmation of the relationship between the 32kDBP and the 
60kDBP has recently been obtained by the cloning of a cDNA coding for the 32kDBP of 
Arabidopsis (Choi et al, submitted). The protein encoded by this cDNA was expressed in E. 
coli, and the expressed protein reacts with sera to both the 32kDBP and the 60kDBP of carrot. 
Consistent with the immunological and structural similarities between the 32kDBP and 
60kDBP, these two proteins also share a common enzymatic function, as a subunit of an acetyl-
CoA carboxylase. In pea leaves, the chloroplast-located isozyme of acetyl-CoA carboxylase has a 
heteromeric, dissociable structure (13, 23, 24). This isozyme contains at least two types of 
subunits, the chloroplast-encoded accD protein, and a biotinylated subunit of about 35 kDa. 
Immunoprecipitation of the 60kDBP from extracts of carrot somatic embryos results in the 
removal of up to half the acetyl-CoA carboxylase activity present in the extract, indicating that the 
60kDBP is associated with this enzyme. As with the pea chloroplast acetyl-CoA carboxylase, the 
carrot protein that contains the 60kDBP is a large complex which readily dissociates upon gel 
filtration. The dissociation of the complex is especially apparent in the presence of 50 mM KCl, 
and may explain our failure to detect acetyl-CoA carboxylase activity in fractions which contained 
the 60kDBP but not the 220kDBP. Very similar results have been observed by others upon gel 
filtration of the heteromeric acetyl-CoA carboxylase of pea leaves (23). 
The complex containing the 60kDBP appears to be heteromeric in its subunit composition. 
Immunoprecipitation of the 60icDBP results in the coprecipitation of the 32kDBP, and of two 
non-biotinylated polypeptides of 90 kDa and 39 kDa. The precipitation of the former is due to 
the common immunological and structural motifs that are shared between the 60kDBP and the 
32kDBP. However, the two non-biotinylated polypeptides are probably precipitated because they 
are in close association with the 60kDBP, i. e., within the acetyl-CoA carboxylase complex. 
Indeed, the 90 kDa polypeptide may be the carrot accD homolog, since it has a molecular weight 
similar to that of the accD protein of pea (24). Although we attempted to show this directly with 
antibodies directed against the pea accD protein (kindly provided by Dr. Y. Sasaki), the results 
were inconclusive, as these antibodies failed to react with any protein in a carrot extract (data not 
shown). Presumably carrot and pea are too divergent evolutionarily to allow this reagent to react 
with the carrot accD protein. However, the accD gene is present in the carrot chloroplast genome, 
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as we were able to readily detect hybridization upon Southern analyses of carrot DNA probed 
with the tobacco accD gene sequence (data not shown). 
Consistent with the hypothesis that the 60kDBP represents a subunit of a plastid-Iocalized 
acetyl-CoA carboxylase isozyme was the finding that the protein may be initially synthesized as a 
precursor of about 66 kDa. Presumably the extra approximately 6 kDa associated with this 
precursor represents an N-terminus extension peptide that acts as a transit peptide to direct the 
protein into the plastids of cells. 
The data presented in this manuscript, in combination with results from other laboratories (13, 
23,24), clearly indicate that plants contain multiple forms of acetyl-CoA carboxylase that can be 
distinguished by the size of their biotinylated subunits. Multiple isozymes of acetyl-CoA 
carboxylase would provide plants with the means of differentially regulating the generation of 
malonyl-CoA for alternate metabolic end-points (44). These metabolic fates include fatty acids 
(45), very long-chain fatty acids (4), flavonoids (46), stilbenoids (47), anthroquinones (48), 
malonyl derivatives of D-amino acids (49, 50), the malonyl derivative of aminocyclopropane 
carboxylic acid (50,51), and malonic acid (52). 
The differential regulation of malonyl-CoA synthesis for diverse metabolic fates may be 
further comphcated by the compartmentation of these metabolic processes, spatially in different 
organelles or tissues, and temporally to different developmental stages of the plant's lifetime. For 
example, de novo fatty acid biosynthesis (53), and the isozyme of acetyl-CoA carboxylase (34, 
54) that provides malonyl-CoA for this process, occur in the plastids of plant cells. The 
elongation of fatty acids to very long-chain fatty acids, however, occurs on the endoplasmic 
reticulum (4), and this process requires malonyl-CoA in the cytosol (55). These fatty acid 
elongation reactions occur only in the epidermal cells of leaves (4), which synthesize very long-
chain fatty acids for deposition on leaf surfaces as cuticular lipids. In addition, seeds of certain 
plants accumulate very long-chain fatty acids in their seed oils. These fatty acids appear to be the 
sequential products of both de novo biosynthesis in the plastids and elongation in the cytosol. 
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Both processes require malonyl-CoA (56, 57). The requirement for malonyl-CoA in flavonoid 
biosynthesis is as a substrate in the reaction catalyzed by chalcone synthase in the cytosol of 
certain tissues (46). The compartmentation of the other metabolic processes requiring malonyl-
CoA is unclear. However, since malonyl-CoA cannot freely cross membranes, one function of 
isozymes of acetyl-CoA carboxylase may be for the generation of this important metabolite in 
different compartments. Thus, the subcellular and tissue distribution of the acetyl-CoA 
carboxylase isozymes will be informative for identifying their respective metabolic functions. 
Indeed, the cloning and sequencing of cDNAs and genes coding for the plant 240 kDa acetyl-
CoA carboxylase has revealed that this isozyme does not contain an N-terminal transit peptide 
and presumably is located in the cytosol of plant cells (20, 22). This localization is also 
evolutionarily consistent, in that the 240 kDa acetyl-CoA carboxylase isozyme of plants is similar 
in structure to the animal and yeast enzymes, both of which are located in the cytosol of cells. 
The cytosolic localization of the 240 kDa acetyl-CoA carboxylase indicates that this isozyme is 
not involved in de novo fatty acid biosynthesis in plants. Indeed, this isozyme may be involved in 
flavonoid biosynthesis, since fungal elicitors, which elicit flavonoid biosynthesis, induce the 
expression of the alfalfa acetyl-CoA carboxylase gene (20). In addition, an isozyme with a 240 
kDa biotin subunit is probably also involved in cuticular wax biosynthesis, as it is located in the 
epidermis of pea (13) and leek leaves (Caffrey et ai, manuscript submitted). 
The plastid/chloroplast-localized acetyl-CoA carboxylase isozyme generates malonyl-CoA for 
de novo fatty acid biosynthesis. Data from pea indicate that this isozyme has a heteromeric, 
dissociable structure, similar in these respects to the bacterial acetyl-CoA carboxylase. Thus, the 
structure of this enzyme is consistent with the evolutionary origin of this organelle. That is, 
plastidic acetyl-CoA carboxylase and the enzymes of fatty acid biosynthesis have retained their 
prokaryotic-like organization and structure during evolution. In carrot embryos, we have found 
that the heteromeric acetyl-CoA carboxylase isozyme may include one or both of two structurally 
and immunologically related biotinylated subunits, the 32kDBP and the 60kDBP. This appears 
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to be an organ- and developmental stage-determined event, as the 60kDBP only accumulates in 
developing somatic and zygotic embryos; the 60kDBP was undetectable in leaves, roots and 
stems of a carrot plant but was highly abundant in carrot seeds (data not shown). Because the 
60kDBP-containing ACCase accumulates only in developing embryos, the metabolic function of 
this ACCase isozyme must be unique to this developmental stage of the plant. We hypothesize 
that this function is to generate malonyl-CoA for the synthesis of the large quantity of fatty acids 
found in the triacylglycerols that constitute the seed storage oil. This acetyl-CoA carboxylase 
may be in a physical association with enzymes of fatty acid biosynthesis, which, in coordination, 
convert acetyl-CoA to fatty acids destined for triacylglycerol biosynthesis. Conversly, the 
32kDBP, which accummulates constitutively, may be a subunit of an acetyl-CoA carboxylase that 
is in association with fatty acid biosynthetic enzymes synthesizing fatty acids for membrane 
biogenesis. Such acetyl-CoA carboxylase-fatty acid synthase complexes would explain how 
triacylglycerols show a fatty acid composition that is distinct from the fatty acid composition of 
the membrane lipids. In fact, carrot seeds synthesize triacylglycerols that contain large quantities 
(60-79% of the fatty acids) of the uncommon fatty acid petroselenate (6-octadecenoic acid), and 
yet this fatty acid is sequestered away from the membrane lipids of the seed. Thus, acetyl-CoA 
carboxylase-fatty acid synthase complexes as suggested here may explain how this is achieved. 
The 32kDBP and 60kDBP may represent the protein products of two different genes that 
generate two proteins which share similar structural motifs. Altematively, these proteins may have 
the identical genie origin, in which case they are the products of alternative post-transcriptional 
processing events, either of the transcripts (i.e., organ-specific alternative splicing) or of the 
protein product (i.e., organ-specific proteolytic processing). From the data presented here, it is 
not possible to ascertain the genie origin of the 60kDBP. However, the immunological studies of 
the accumulation of the 60kDBP have revealed that the induction of this protein during 
embryogenesis is due to increased accumulation of the protein perse, rather than the biotinylation 
of a pool of apoprotein. Although the latter mechanism has been shown to be important in 
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determining the organ-specific accumulation of another biotinylated enzyme, methylcrotonyl-CoA 
carboxylase (Wang et al., in press), it does not appear to be of importance in the case of the 
60kDBP. The molecular cloning of a cDNA that codes for the 35 kDa biotinylated protein of 
Arabidopsis should be useful in revealing the genie origins of the 60kDBP in carrot. 
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FIGURE LEGENDS 
FIGURE I. Purification and generation of antisera to the 60 kDa and 32 kDa biotin-
containing polypeptides from carrot. Panel A, Coomassie Brilliant Blue-stained SDS-PAGE 
gel of approximately 30 fxg avidin affinity-purified proteins prepared with boiling 2% SDS from 
500 g of torpedo-staged somatic embryos of carrot (lane 1). A Western blot of an identical gel 
was probed with '^si-streptavidin to detect biotin-containing polypeptides, and exposed to X-ray 
film for a brief (lane 2) and long (lane 3) period. Panel B, three identical aliquots (30 /ig each) of 
a protein extract from somatic embiyos of carrot were subjected to SDS-PAGE and transferred to 
nitrocellulose. Filter 1 was incubated with '^Si-streptavidin to show all the biotin-containing 
polypeptides in the extract. Filters 2 and 3 were sequentially incubated with antiserum to the 
60kDBP and 32kDBP, respectively, followed by •25i_Protein A. The anti-60kDBP serum detects 
the 60kDBP only by this analysis, whereas the anti-32kDBP serum crossreacts with both the 
60kDBP and the 32kDBP. The sizes (in kDa) of pre-stained protein molecular weight standards 
are shown on the left. 
FIGURE 2. Two-dimensional SDS-PAGE peptide mapping of tlie 60, 35 and 32 liDa 
biotin-containing polypeptides. Panel A, a non-denatured protein extract from carrot seeds 
was electrophoresed on a 12.5% polyacrylamide gel, and the 60kDBP and 35/32 kDa doublet 
excised from the gel. Individual gel slices were placed in the wells of a 20% polyacrylamide gel; 
those of the 35/32 kDa doublet were rotated anticlockwise through 90° (with respect to the 
direction of electrophoresis in the first dimension) to better resolve peptides from each biotin-
containing protein. The gel slices were overlaid with the indicated |Xg amounts of chymotrypsin 
dissolved in 100 mM Tris-HCl, pH 6.8, 0.1% (w/v) SDS, 1 mM EDTA, 10% (v/v) glycerol, 
0.01% (w/v) bromophenol blue. Current was applied to the gel until the dye front was <1 cm 
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from the stacking gel/resolving gel boundary. The current was switched off for 30 min, to allow 
limited proteolysis to occur, and then reapplied until the dye front reached the bottom edge of the 
resolving gel. Peptides were then transferred to nitrocellulose filters by standard Western blotting 
techniques, and probed with '^Si-streptavidin. Panel B, the same technique as described in Fig. 
2A was performed on identical gel slice samples using the indicated amounts of trypsin. Panel C, 
the filter shown in Fig. 2B, probed with the anti-321dDBP serum. Primary antibody-antigen 
complexes were tagged with an alkaline-phosphatase-conjugated secondary antibody, and 
detected with BCIP/NBT. 
FIGURE 3. The 60kDBP is a subunit of an acetyl-CoA carboxylase. Panel A, equal 
aliquots of a cell-free extract from torpedo-staged somatic embryos of carrot were 
immunoprecipitated with the indicated amounts of preimmune or anti-60kDBP serum (Material 
and Methods). After removing precipitates by centrifugation, the resulting supematants were 
assayed for residual acetyl-CoA carboxylase, propionyl-CoA carboxylase, and 3-methylcrotonyl-
CoA carboxylase activities. A mock reaction containing water in place of serum was run as a 
control (0 ^il serum titration point). Panel B, in a parallel experiment to the one described in Fig. 
3A, equal aliquots of a cell-free extract from torpedo-staged embryos were immunoprecipitated 
with preimmune serum or anti-60kDBP serum. The washed. Protein A-Sepharose-containing 
pellets were suspended in SDS-PAGE Sample Buffer, boiled for 5 min, and centrifuged to 
remove the Protein A-Sepharose beads. The supematants, and aliquots of the original cell-free 
extract, were subjected to SDS-PAGE in a 10% polyacrylamide gel. Westem blot analysis using 
•25i-streptavidin revealed the presence of biotin-containing polypeptides. Lanes 1 and 2: 20^1 
and 5|il of the original cell-free extract, respectively. Lane 3: Supernatant from an 
immunoprecipitation reaction using preimmune serum. Lane 4: Supernatant from an 
immunoprecipitation reaction using anti-60kDBP serum. The 220kDBP is not visible in the cell-
free extract on this filter, but was detected on other filters containing this preparation. Preimmune 
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serum failed to immunoprecipitate any biotin-containing polypeptides, whereas the antl-60kDBP 
serum immunoprecipitated the 60,35 and 32 kDa biotin-containing polypeptides. 
FIGURE 4. Native molecular size of the 60kDBP. Panel A, elution of acetyl-CoA 
carboxylase from a Sephacryl S-400 column run with an additional 50 mM KCl in the running 
buffer. Fraction volumes were 1.65 ml, and 0.05 ml of each fraction was assayed. Activities are 
expressed as pmol per min per ml of each fraction. The peak of acetyl-CoA carboxylase activity 
eluted from fraction 36 to 46. Panel B, Western blots of selected fractions of the gel filtration 
profile described in Fig. 4 A. Fraction volumes were 1.5 ml, and 0.1 ml of each indicated fraction 
was loaded on 10% polyacrylamide-SDS gels. Western blots of the gels were probed with 
streptavidin. The elution positions of the native molecular weight standards used are shown 
beneath the panels. The standards are: thyroglobulin (669,000), apoferritin monomer (443,000), 
amylase (200,000), and alcohol dehydrogenase (150,000). The 220kDBP is present in fraction 
41. MCCase: designation for the 75 kDa biotin-containing subunit of 3-methylcrotonyl-CoA 
carboxylase. Panel C, Western blots of fractions from the gel filtration column run with a buffer 
containing no additional KCl. 0.1 ml of each fraction was loaded on 10% polyacrylamide-SDS 
gels, and Western blots were probed with '^sj-streptavidin. The positions of migration of the 60, 
35, and 32 kDa biotinylated polypeptides are shown to the sides of the figure. The elution 
positions of native molecular weight standards are shown underneath the panels. The standards 
used were those described in Panel B, and included apoferritin dimer (886,(X)0). 
FIGURE 5. The 60kDBP is associated with non-biotinylated polypeptides in vivo. Panel 
A, fluorogram of developing carrot somatic embryo protein extracts labeled in vivo with 
[35S]methionine, and immunoprecipitated with water (lane 1), preimmune serum (lane 2) or anti-
60kDBP serum (lane 3) according to the description in the Materials and Methods. Competition 
experiments (lanes 4-8), in which the anti-60kDBP serum was preincubated with increasing 
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amounts of affinity-purified 60kDBP for 1 hr prior to tiie addition of radioactive polypeptides 
(3.5 X 10^ dpm of [35S]-labeled protein), were conducted in the same manner. 
Immunoprecipitated polypeptides were analysed on a 10% polyacrylamide-SDS gel, and 
visualized by fluorography using sodium salicylate as fluor. The amounts of affinity-purified 
60kDBP in the reactions shown in lanes 4-8 were: 0.001, 0.01, 0.1, 1.0, 10 |ig, respectively. 
Panel B, an aliquot of the protein extract shown in Fig. 5A, immunoprecipitated with the anti-
60kDBP serum, was subjected to SDS-PAGE and Western blotting. The filter was probed with 
alkaline-phosphatase-conjugated streptavidin to detect biotin-containing polypeptides. 
FIGURE 6. In vitro translation of the mRNA coding for the 60kDBP, and 
immunoprecipitation of the products. Total RNA, isolated from carrot somatic embryos, was 
used as template to program in vitro protein synthesis in a rabbit reticulocyte lysate system, in the 
presence of p5S]methionine. Aliquots of the products of the reaction, each containing 3.8 X 10^ 
dpm of [35S]-labeled proteins, were subjected to immunoprecipitation (Materials and Methods) 
with 2 ^il preinmiune serum (lane 1), or 2 jil anti-60kDBP serum preincubated with 0 (lane 2), 
0.001 (lane 3), 0.01 (lane 4), 0.1 (lane 5), 1.0 ^ig (lane 6) of affinity-purified 60kDBP. The 
precipitated, radioactive antigens were fractionated by SDS-PAGE on a 10% polyacrylamide gel, 
and visualized by fluorography. Approximate molecular masses (determined from prestained 
protein molecular weight standards) are given in kDa to the left of the figure. 
FIGURE 7. Accumulation of the 60kDBP in developing carrot somatic embryos. Panel 
A, 40 |Xg protein from carrot cells grown in culture containing 2,4-D (lane 1) and developing 
carrot somatic embryos in cultures lacking 2,4-D (lanes 2-5) were subjected to SDS-PAGE and 
Western blotting. The filter was probed with '^sj-streptavidin to detect the biotin polypeptides. 
The panel shows the accumulation of the 60kDBP. Lane 2: small, globular embryos. Lane 3: 
heart and globular embryos. Lane 4: young torpedo embryos. Lane 5: large torpedo embryos. 
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Panel B, a duplicate filter to that in Fig. 7A, probed with the anti-60kDBP serum, and i25i.protein 
A. 
56 
Figure 1 
57 
B 
kPa 0 0.5 1 5 10 20 40 10 5 1 
r—I 1—1 r—1 I—I I—I r—I i—i i i i i i i 
74-
45i 
0 (^ig) 
60kDBP 35/32kDBP 
kDa 0 1 10 10 0 1 10 10 0 (I 
j88^  
60kDBP 35/32kDBP 60kDBP 35/32kDBP 
Figure 2 
Activity (pmol/min) 
Methylcrotonyl-CoA 
Carboxylase 
Propionyl-CoA 
Carboxylase 
Acetyl-CoA 
Carboxylase 
g o 
U 
o 
i_ 
c 
3 
-J 9\ (A O o\ PC O 
59 
225 
I 
I 
S 
Sf 
I u 
< 
V 
u 
< 
11 16 21 26 31 36 41 46 51 56 61 66 
Fraction f 
B 
1 6 11 16 21 26 31 36 41 46 51 56 61 66 
60 kDBP-
f t  f t  
3  9  9 3  
ON m VO rf VO Tf 
o e 
o m fS tH 
220 kDBP 
MCCase 
32 kDBP 
Figure 4 
c 
1 2 3 4 5 6 7 8 9 10 11 12 13 
60kDBP 
Figure 4, continued 
I 
16 21 26 31 36 41 46 
<- 32 kDBP 
f  t  t  t  Q Q Q Q 
so e o 
00 Tt o WJ 
00 Tf 
61 
B 
kDa 1 2 3 4 5 6 7 8  kPa 
-214 
-111 
-74 
IIM 45 
-29 
Figure 5 
62 
kPa 1 2 3 4 5 6 
208 
101 
71 
43 
29 
Figure 6 
63 
Figure 7 
LITERATURE CITED 
1. Nikolau, B, J,, Croxdale, J., Ulrich, T. H., and Wurtele, E. S. (1987) Acetyl-CoA carboxylase 
and biotin-containing proteins in carrot somatic embryogenesis, in The Metabolism. 
Structure and Function of Plant Lipids. P. K. Stumpf, J. B. Mudd and W. D. Nes (Eds.), 
Plenum Press, New York, NY, pp. 517-519. 
2. Moss, J., Yamagishi, M., Kleinschmidt, A. K., and Lane, M. D. (1972) Biochemistry 11: 
3779-3786. 
3. Shimakata, T., and Stumpf, P. K. (1982) Arch. Biochem. Biophys. 217: 144-154. 
4. Kolattukudy, P. E., Croteau, R., and Buckne, J. S. (1976) Biosynthesis of plant waxes, in 
Chemistry and Biochemistry of Natural Waxes. P. E. Kolattukudy (Eds.), Elsevier, New 
York, pp. 289-347. 
5. Hahlbrock, K., and Grisebach, H. (1979) Amu. Rev. Plant Physiol. 30:105-130. 
6. Schroder, G., Brown, J. W. S., and Schroder, J. (1988) Eur. J. Biochem. 172: 161-169. 
7. Guo, L., Phillips, A. T., and Arteca, R. N. (1993) J. Biol. Chem. 268: 25389-25394. 
8. Brock, K., and Kannangara, C. G. (1976) Carlsberg Res. Commun. 41: 121-129. 
9. Egin-Buhler, B., and Ebel, J. (1983) Eur. J. Biochem. 133: 335-339. 
10. Mohan, S. B., and Kekwick, R. G. O. (1980) Biochem. J. 187: 667-676. 
11. Nikolau, B. J., and Hawke, J. C. (1984) Arch. Biochem. Biophys. 228: 86-96. 
12. Nielsen, N. C., Adee, A., and Stumpf, P. K. (1979) Arch. Biochem. Biophys. 192:446-456. 
65 
13. Alban, C., Baldet, P., and Douce, R. (1994) Biochem. J. 300; 557-565. 
14. Ashton, A. R., Jenkins, C. L. D., and Whitfeld, P. R. (1994) Plant Molecular Biology 24: 35-
49. 
15. Egli, M. A., Gengenbach, B. G., Gronwald, J. W., Somers, D. A., and Wyse, D. L. (1993) 
Plant Physiol. 101:499-506. 
16. Charles, D. J., and Cherry, J. H. (1986) Phytochemistry 2S\ 1067-1071. 
17. Hellyer, A., Bambridge, H. E., and Slabas, A. R. (1986) Biochem. Soc. Trans. 14: 565-568. 
18. Slabas, A. R., and Hellyer, A. (1985) Plant Sci. 39: 177-182. 
19. Samols, D., Thornton, C. G., Murtif, V. L., Kumar, G. K., Haase, F. C., and Wood, H. G. 
(1988)7. Biol. Chem. 263: 6461-6464. 
20. Shorrosh, B. S., Dixon, R. A., and Ohlrogge, J. B. (1994) Proc. Natl. Acad. Sci. USA 91: 
4323-4327. 
21. Schulte, W., Schell, J., and Topfer, R. (1994) Plant Physiol. 106: 793-794. 
22. Gomicki, P., Podkowinski, J., Scappino, L. A., DiMaio, J., Ward, E., and Haselkom, R. 
(1994) Proc. Natl. Acad. Sci. USA 91: 6860-6864. 
23. Konishi, T., and Sasaki, Y. (1994) Proc. Natl Acad. Sci. USA 91: 3598-3601. 
24. Sasaki, Y., Hakamada, K., Suama, Y., Nagano, Y., Furusawa, I., and Matsuno, R. (1993) Proc. 
Natl. Acad. Sci. J7SA268: 25118-25123. 
25. Keller, G. L., Nikolau, B. J., Ulrich, T. H., and Wurtele, E. S. (1988) Plant Physiol. 86: 451-
456. 
66 
26. Wurtele, E. S., Keller, G. L., Nikolau, B. J., and Ulrlch, T. H. (1988) J. Plant Physiol. 132: 
683-689. 
27. Laemmli, U. K. (1970) Nature 227: 680-685. 
28. Chamberlain, J. P. (1979) Anal. Biochem. 98: 132-135. 
29. Wurtele, E. S., and Nikolau, B. J. (1990) Arch. Biochem. Biophys. 278: 179-186. 
30. Bradford, M. M. (1976) Anal. Biochem. 72: 248-254. 
31. Cleveland, D. W., Fischer, S. G., Kirschner, M. W., and Laemmli, U. K. (1977) J. Biol. 
Chem. 252: 1102-1106. 
32. Towbin, H., Staehelin, T., and Gordon, J. (1979) Proc. Natl. Acad. Sci. U.S.A. 76: 4350-
4354. 
33. Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989) Molecular Cloning: A Laboratory 
Manual. 2nd, Cold Spring Harbour Laboratory Press, Cold Spring Harbour, NY. 
34. Nikolau, B. J., Wurtele, E. S., and Stumpf, P. K. (1985) Anal. Biochem. 149:448-453. 
35. Engvall, E., and Perlmann, P. (1972) J. Immunol. 109: 129-135. 
36. Voller, A., Bidwell, D. E., and and Bartlett, A. (1976) Bull. W.H.0.53:55-56. 
37. Logemann, J., Schell, J., and Willmitzer, L. (1987) Anal. Biochem. 163:16-20. 
38. Wurtele, E. S., and Nikolau, B. J. (1992) Plant Physiol. 99: 1699-1703. 
39. Gregolin, C., Ryder, E., Kleinschmidt, A. K., Warner, R. C., and Lane, M. D. (1966) Proc. 
Natl Acad. Sci. U.S.A.S6: 148-155. 
67 
40. Meyer, H., Nevaldine, B., and Meyer, F. (1978) Biochemistry 17:1822-1827. 
41. Matsuhashi, M., Matsuhashi, S., Numa, S., and Lynen, F. (1964) Biochem. Z 340: 243-262. 
42. Hatch, M. D., and Stumpf, P. K. (1961) J. Biol Chem. 236:2879-2885. 
43. Green, N. M. (1975) Adv. Protein Chem. 29: 85-133. 
44. Nikolau, B. J., Wurtele, E. S., and Stumpf, P. K. (1984) Plant Physiol. 75: 895-901. 
45. Stumpf, P. K. (1987) The biosynthesis of saturated fatty acids, in The Biochemistry of 
Plants: A Comprehensive Treatise. P. K. Stumpf and E. E. Conn (Eds.), Academic Press, 
New York, pp. 121-136. 
46. Hahlbrock, K. (1981) Flavonoids., in The Biochemistry of Plants: A Comprehensive 
Treatise. P. K. Stumpf and E. E. Conn (Eds.), Academic Press, New York, pp. 425-456. 
47. Gorham, J. (1980) The stilbenoids, in Progress in Phytochemistry. L. Reinhold, J. B. 
Harbome and T. Swain (Eds.), Pergamon Press. Oxford., New York, pp. 203-252. 
48. Packter, N. M. (1980) Biosynthesis of acetate-derived phenols (polyketides), in The 
Biochemistry of Plants: A Comprehensive Treatise. P. K. Stumpf and E. E. Conn (Eds.), 
Academic Press, New York, pp. 535-540. 
49. Ogawa, T., Fukuda, M., and Sasaoka, K. (1973) Biochim. Biophys. Acta. 297: 60-69. 
50. Liu, Y., Hoffman, N. E., and Yang, S. F. (1983) Planta 158:437-441. 
51. Su, L.-Y., Liu, Y., and Yang, S. F. (1985) Phytochemistry^: 1141-1145. 
52. Srnmpf, D. K., and Burns, R. H. (1981) Plant Physiol. 68:992-995. 
68 
53. Ohlrogge, J. B., Kuhn, D. N., and Stumpf, P. K. (1979) Proc. Natl. Acad. Sci. USA76: 
1194-1198. 
54. Vick, B., and Beevers, H. (1978) Plant Physiol 62:173-178. 
55. Bessoule, J.-J., Lessire, R., and Cassagne, C. (1989) Arch. Biochem. Biophys. 268:475-484. 
56. Ohlrogge, J. B., Pollard, M. R., and Stumpf, P. K. (1978) Lipids 13; 203-210. 
57. Pollard, M. R., McKeon, T., Gupta, L. T„ and Stumpf, P. K. (1979) Lipids 14; 651-662. 
69 
CHAPTERS 
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SUMMARY 
The distribution of acetyl-CoA carboxylase between the epidermal and mesophyll layers of 
leek leaves was determined. Acetyl-CoA carboxylase specific activity was approximately two­
fold higher in the epidermis than in the mesophyll layer. Four prominent biotinylated 
polypeptides of approximate molecular masses 210, 85, 37, and 35 kDa were detected in total 
leaf extracts. The 210 kDa biotinylated polypeptide, which represents the biotin-containing 
subunit of a homomeric acetyl-CoA carboxylase, accumulates predominantly in the epidermis 
of leek leaves. A 37 kDa biotinylated polypeptide, and a chloroplast-encoded polypeptide 
termed the accD protein, are both subunits of a plastid-localized acetyl-CoA carboxylase in pea 
leaves. We have detected the equivalent polypeptides in leek leaf protein extracts by Western 
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analysis. Both polypeptides are equally abundant in leek mesophyll and epidermal tissues. 
These data indicate that leek leaves contain two structurally distinct isozymes of acetyl-CoA 
carboxylase, one of which is restricted almost exclusively to the epidermis. The significance of 
these findings for the metabolic roles of plant acetyl-CoA carboxylases is discussed. 
INTRODUCTION 
Acetyl-CoA carboxylase (ACCase; EC 6.4.1.2) is a biotin-containing protein which 
catalyses the ATP-dependent incorporation of a carboxyl group from a bicarbonate ion into 
acetyl-CoA, to form malonyl-CoA [1]. This reaction provides the activated two-carbon 
condensing unit required to extend nascent fatty acid chains, and is the first committed step of 
de novo fatty acid biosynthesis [2-6]. Fatty acids play key roles in many aspects of 
metabolism. For example, fatty acids stored as triacylglycerides are a major energy reserve in 
animals and in oilseeds; fatty acids, assembled into lipids, are the major constituents of cellular 
membranes; and fatty acids are increasingly recognized for their role in enzyme regulation by 
protein modification [7-9]. 
In contrast to most organisms, in which malonyl-CoA is used predominantly for fatty acid 
biosynthesis, plants utilize malonyl-CoA for the synthesis of a variety of phytochemicals. In 
addition to fatty acids, these phytochemicals include very long chain fatty acids, flavonoids, 
stilbenoids, and free malonic acid, as well as the malonylated derivatives of D-amino acids, 
flavonoids, and 1-aminocyclopropanecarboxylic acid [10-17]. The biosynthesis of some of 
these compounds is regulated both temporally and spatially, a characteristic feature of plant 
secondary metabolic pathways [18]. The discovery of a multitude of biotinylated proteins in 
plants has led to the suggestion that plants may contain isozymes of ACCase, to supply 
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malonyl-CoA at different times, and in different compartments, during the life cycle of the 
organism [3,19]. 
More recently, direct evidence for the existence of two structurally distinct isozymes of 
ACCase has been presented [20-22]. One isozyme is a homomeric, "eukaryotic-type" ACCase 
with a biotinylated subunit of 220-240 kDa. The other isozyme is a heteromeric, "prokaryotic-
type" ACCase which contains a smaller biotinylated subunit and a chloroplast-encoded accD 
protein. We have detected both forms of ACCase in leek, and we present here the distribution 
of these two isozymes among the tissues of the leek leaf. 
IMATERIALS AND IMETHODS 
Chemicals and Reagents 
Acetyl-CoA, ATP, and E-64 (a protease inhibitor), were purchased from Sigma. 
NaH'^^COs (1.8-2.2 GBq.mmol"') was from Amersham. Protein concentrations were 
determined using a conraiercial reagent (Bio-Rad) by the Bradford procedure [23]. All other 
reagents were analytical or molecular biology grade. Antiserum to the accD protein was a kind 
gift from Dr. Yukiko Sasaki [21]. The accD probe used in this study is a 783 bp Xmn I/Bamli 
I fragment (viz., positions 59,871 to 60,654 of the tobacco chloroplast genome) and represents 
the 5' end of the accD gene [24], 
Plant Material 
Leeks were purchased from a local market. Sections of the sheathing leaves, 7 to 10 cm 
above the meristem, were used in all experiments. The abaxial (outer) and adaxial (inner) 
epidermal layers of each leaf section were isolated from the mesophyll layer by snapping each 
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section longitudinally and peeling away the diaphanous material from both leaf surfaces [19]. 
All tissues were frozen immediately and stored under liquid nitrogen until use. 
Protein Extraction 
Plant material (0.5 to 2 gfw) was frozen in liquid nitrogen, and pulverized while frozen in a 
mortar and pestle. After the liquid nitrogen had boiled off, 2 to 3 volumes of a nondenaturing 
extraction buffer (ICX) mM HEPES-KOH, pH 7.0,20% (v/v) glycerol, 1 mM EDTA, 0.1% (v/v) 
Triton X-100, 20 mM 2-mercaptoethanol, 10 /xME-64 and 100 /fg.mL-i PMSF) were added, 
and the frozen mixture was homogenized as it thawed. The brei was clarified by centrifiigation 
at 10,000 X g for 20 min, and the supernatant recovered. Aliqouts were assayed immediately 
for ACCase activity, used for SDS-PAGE analysis, or stored frozen in liquid nitrogen until 
required. 
Enzyme Assays 
ACCase activity was determined as the rate of the acetyl-CoA-dependent incorporation of 
radioactivity from NaHi'^COa into the acid-stable product [25]. Briefly, aliquots of the extracts 
containing 3 to 6 jUg of protein were mixed on ice with ImM ATP, 2mM NaH'^^COs (5 JJCi), 
50 mM Tricine-KOH, pH 8.0, 5 mM MgCl2, 1 mM DTT (final concentrations). Reactions 
were started by the addition of 0.1 assay volumes of 3.0 mM acetyl-CoA, and were incubated at 
370C for 15 min. Reactions were stopped by bringing the assay to 1.5 N HCl, and an aliquot 
of each reaction was immediately spotted onto Whatman 3MM paper filters. The filters were 
dried by gende heating in air, and the amount of acid-stable radioactivity present on each filter 
was determined by liquid scintillation counting. One unit (U) of activity is defined as the 
amount of enzyme required to produce 1 nmol acid-stable product per min at 37°C. 
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Western Blotting and Detection of Biotinylated Polypeptides 
Aliquots of extracts containing equal amounts of protein (30 /ig) were adjusted to 1% (w/v) 
SDS, 40 mM Tris-HCl, pH 6.8,5% (v/v) glycerol, 50 mM DTT, and placed in a bath of boiling 
water for 5 min. Denatured extracts were electrophoresed in 7.5% polyacrylamide gels [26]. 
Western blotting onto nitrocellulose membranes (Shleicher and Schuell) was performed with a 
Millipore MilliBlot-SDE Protein Blotting apparatus. Blotting was carried out at room 
temperature at 2.5 mA per cm^ of nitrocellulose for 30 to 45 min. Buffer conditions were as 
recommended in the manufacturer's instructions. Following blotting, nitrocellulose membranes 
were incubated at room temperature in 1% (w/v) BSA in RB Buffer (10 mM Tris, pH 8.0,150 
mM NaCl, 1 mM EDTA, 0.1% (v/v) Triton X-100). To detect biotinylated polypeptides, 
membranes were incubated for 2 to 4 h at room temperature in the same buffer containing 
streptavidin. The membranes were then washed three times for 5 to 10 min each in RB Buffer 
brought to 1 M NaCl. Radioactive filters were exposed to X-ray film at -70oC to detect the 
^25i-tagged molecules. 
Detection of the accD Protein 
Two different experimental conditions were employed to detect the accD protein. In the 
first method, proteins immobilized on nitrocellulose filters were probed with accD antibodies at 
1.4 jUg.ml-i- in RB buffer with 1% (w/v) BSA, for 2 to 4 hr at room temperature. After washing 
the filters three times with RB buffer for 5 to 10 min each wash, the antibody-antigen 
complexes were detected with '^Si-Protein A, followed by autoradiography. The second 
method utilized the alkaline phosphatase-based colorimetric detection system. Filters were 
incubated for 2 to 4 hr at room temperature.with accD antiserum at 14.5 jUg.ml-' in TBS/Tween 
buffer (25 mM Tris-HCl, pH 7.4, 137 mM NaCl, 2.7 mM KCl, 0.05% (v/v) Tween-20) 
supplemented with 3% (w/v) BSA as a blocking agent. After washing as above with 
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TBS/Tween, filters were incubated with a goat anti-rabbit antibody conjugated to alkaline 
phosphatase (Bio-Rad) for a further for 2 to 4 hr. Antibody-antigen complexes were detected 
using 5-bromo-4-chloro-3-indolyl phosphate and nitro blue tetrazolium dye in 100 mM Tris-
HCl, pH 9.5,100 mM NaCl, 5 mM MgCh as reconunended [27]. 
Southern Blotting 
Genomic DNA was extracted from leek leaves by the method of Dellaporta et al. [28]. 
Approximately 10 /ig of genomic DNA was digested with EcoR I and Hind III for 3 hr at 
370c. Restriction enzyme fragments were separated by electrophoresis in a 0.7% agarose gel. 
The DNA was blotted to a nylon filter [29] and probed with a cloned portion of the tobacco 
accD gene. The probe DNA was radioactively labeled with [a32p]dCTP by random priming 
[30] using the Klenow fragment of DNA polymerase I. Unincorporated nucleotides were 
removed from the probe reactions by spin dialysis using Sephadex G-25 columns [27]. The 
specific radioactivity of the probe was estimated as 0.5 GBq//fg DNA. Hybridization of the 
probe to the immobilized DNA fragments was conducted at 65^0 in 
prehybridization/hybridization buffer (5 X SSC, 50 mM Tris-HCl, pH 8.0,0.2% (w/v) SDS, 10 
mM EDTA, 10% (w/v) sheared fish DNA, 1 X Denhai'dt's solution, 10% (w/v) dextran 
sulphate) for 12 hr. The nylon filter was then washed 3 times for 15 min each at room 
temperature in 2 X SSC, 0.5% (w/v) SDS, and exposed to X-ray film at -70°C. 
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RESULTS 
Distribution of ACCase Among Leaf Tissues 
Leek provides a convenient source of highly homogenous preparations of epidermal tissue, 
since the epidermis is readily detached from underlying layers of cells [19]. The abaxial (outer) 
and adaxial (inner) epidermal layers were harvested as described (Materials and Methods), and 
pooled for this analysis. Proteins were extracted under non-denaturing conditions from the 
separated mesophyll and epidermal tissues, and from sections of intact leaves. Aliquots of the 
extracts were assayed for ACCase activity. The specific activity of ACCase in the epidermis 
was 0.60 +/- 0.32 U.mg-', while that in the mesophyll layer was 0.22 +/- 0.21 U.mg-'. The 
specific activity of ACCase in extracts of the intact leaf sections was 1.96 +/- 0.95 U.mg-' 
(averages and standard deviations given for 6 determinations). These specific activities are in 
agreement with previous determinations [19]. 
Distribution of Biotin-Containing Proteins Among the Leaf Tissues 
The biotinylated polypeptides present in each of the leaf tissues of leek leaves were 
identified by SDS-PAGE and Western blot analysis. Equal aliquots of total protein extracts 
(30 ^g protein) from intact leaves, mesophyll tissue and pooled epidermal tissues were 
subjected to SDS-PAGE on 7.5% polyacrylamide gels. Coomassie Brilliant Blue staining of 
the gels confirmed that approximately equal amounts of protein were loaded per lane (Fig. 1 A). 
Proteins from identical gels were electrophoretically transferred to a nitrocellulose filter, and the 
filter was probed with '^sj-streptavidin to detect biotinylated polypeptides. 
Four prominent biotinylated polypeptides were observed in the intact leaf sample, with 
approximate molecular weights of 210, 85, 37, and 35 kDa (Fig. IB). The 210 kDa biotinylated 
polypeptide is the subunit of the homomeric ACCase found in all plants previously examined. 
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This ACCase is probably located in the cytosol of cells [22, 31-33]. The 85 kDa biotinylated 
polypeptide represents the biotin subunit of 3-methylcrotonyl-CoA carboxylase, a biotin-
dependent carboxylase involved in the catabolism of leucine [34-39]. The 37 kDa biotinylated 
polypeptide is probably a subunit of a heteromeric ACCase [21,22]. The identity and function 
of the 35 kDa biotinylated polypeptide is unknown. 
The three lower molecular weight biotinylated polypeptides (85, 37 and 35 kDa, 
respectively) accumulate to approximately equal levels in the epidermal and mesophyll tissues 
of the leek leaf, as has been previously reported [19]. In contrast, the 210 kDa biotinylated 
polypeptide, which was not detected previously, presumably due to the difficulty of 
electrophoretically transferring such a large polypeptide, is present almost exclusively in the 
epidermal tissue of the leaf. Upon long exposures of the blots, we were able to detect once (out 
of three attempts) the 210 kDa biotinylated polypeptide in the mesophyll tissue of the leaf. This 
may have been due to either trace contamination of the mesophyll tissue by the epidermal cells, 
or else to the fact that the 210 kDa biotinylated polypeptide accumulates at trace levels in the 
mesophyll cells. Thus, the eukaryotic ACCase in the cytosol accumulates preferentially in the 
epidermal cells of the leek leaf. In contrast, the 37 kDa biotinylated subunit of the heteromeric 
ACCase accumulates in both the mesophyll and epidermal tissues. Indeed, this ACCase 
isozyme, which may generate malonyl-CoA for de novo fatty acid biosynthesis, would be 
expected to accumulate ubiquitously. 
Distribution of the accD Protein Among the Leaf Tissues 
A second known subunit of the heteromeric ACCase isozyme is the product of the 
chloroplast-encoded accD gene, the accD protein [21]. We investigated whether the accD gene 
is present in leeks. DNA isolated from leek leaves was digested with EcoR I or Hind IE, and 
the restriction fragments were subjected to Southern analysis, probing with a portion of the 
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tobacco chloroplast genome corresponding to the accD gene (see Materials and Methods). 
Two to three DNA fragments which hybridize to the accD gene probe were detected in this 
analysis (Fig. 2). Therefore, the accD gene is present in leeks. 
To determine whether the accD gene is expressed, we analysed leek leaf protein extracts by 
Western blotting using antibodies raised against the carboxy terminal 383 amino acids of the 
accD protein (accD antibodies) of pea [21]. These antibodies recognize a pea protein with an 
apparent molecular mass of 87 kDa as determined by SDS-PAGE. Under two different 
experimental conditions (see Materials and Methods), the accD antibodies recognized a 
polypeptide of 94 kDa in leek leaf extracts (Fig. 3). This polypeptide is similar in apparent size 
to the 87 kDa polypeptide of pea [21], indicating that it represents the leek homologue of the 
pea accD protein. Moreover, the accD protein was present in approximately equal amounts per 
/ig of protein in intact leaf, mesophyll tissue, and epidermal tissue, similar to the distribution of 
the 37 kDa biotinylated subunit of the heteromeric isozyme of ACCase. 
DISCUSSION 
Until recently, a biotin-containing polypeptide of between 200 to 240 kDa in size was believed 
by many to be the subunit of all plant ACCases. However, recent data [21, 22] have confirmed 
earlier suggestions [19] and observations [20, 40, 41] that many plants contain a second, 
structurally distinct, isozyme of ACCase which has a biotinylated subunit smaller than 220 kDa. 
This second ACCase has a heteromeric structure, being composed of at least two different types of 
subunits. One of these subunits is biotinylated, and the other is the chloroplast-encoded accD 
protein, which bears sequence homology to the p-subunit of the carboxyltransferase component of 
E. coli ACCase [21, 22, 42]. This heteromeric ACCase is located in the plastids of cells and 
generates malonyl-CoA for de novo fatty acid biosynthesis. The amino acid sequences deduced 
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from the cDNAs coding for the 240 kDa ACCase that have been cloned lack a recognizable transit 
peptide at the N-terminus. This finding, taken together with expression studies, strongly suggests 
that the homomeric ACCase isozyme occurs in the cytosol of cells [32,33]. 
In this study we have investigated the distribution of the subunits of the two ACCase 
isozymes among the tissues of the monocotyledonous leek leaf. The 35 kDa biotinylated subunit 
and the accD subunit of the plastid-localized, heteromeric ACCase were found to be equally 
distributed in both the epidermal and mesophyll tissues of the le^, consistent with the essential role 
of this ACCase in de novo fatty acid biosynthesis. In contrast, the 210 kDa biotinylated subunit of 
the cytosolic ACCase isozyme is present exclusively in the epidermis of the leek leaf. This is also 
the tissue localization of this ACCase isozyme in the dicot, pea [22]. 
The cytosolic ACCase isozyme generates malonyl-CoA for metabolic processes that occur 
in that subcellular compartment. These metabolic processes include flavonoid biosynthesis, which, 
in many species, including A. porrum , is concentrated in the epidermis [43]. Indeed, the induction 
by fungal elicitors of the expression of the gene coding for the equivalent ACCase in alfalfa is 
consistent with the role of this ACCase in flavonoid biosynthesis [32]. Another cytosolic metabolic 
process that requires malonyl-CoA, and which occurs uniquely in the leaf epidermis, is the 
elongation of 16- and 18-carbon fatty acids to very long chain fatty acids for the biogenesis of the 
cuticular waxes. The cytosolic, homomeric ACCase found exclusively in the leek epidermis 
probably provides malonyl-CoA for this metabolic pathaway also. 
The quaternary structure of the plastid-localized, heteromeric ACCase is as yet undefined, 
but it is clear that this isozyme is unstable and readily dissociates into separate protein components 
(Caffrey et al., in preparation;[21, 22, 44]). It follows that in vitro determinations of ACCase 
activity in extracts may be underestimations of the in vivo levels of the activity of this enzyme. 
Therefore, most, if not all, earlier attempts to correlate ACCase activity with rates of de novo fatty 
acid biosynthesis are probably flawed, as a consequence of this previously unknown property of the 
enzyme. To overcome this technical barrier to determining the in vivo levels of ACCase activity. 
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additional characterization of the biochemical properties of the heteromeric ACCase is required. 
The mesophyll tissue of the leek leaf may be an ideal source from which to purify this heteromeric 
ACCase for further characterization of its biochemical, enzymatic and metabolic properties. 
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FIGURE LEGENDS 
FIGURE 1. Tissue-specific distribution of leelc biotinyiated polypeptides. Panel A\ 
Coomassie-stained SDS-PAGE gel loaded with 30 /ig leek protein per lane. Panel B: 
Autoradiograph of a Western blot of an identical gel probed with '^^j-streptavidin to detect 
biotinyiated polypeptides. Lane 1: intact leaf, lane 2: mesophyll tissue, lane 3: pooled epidermal 
tissue. 
FIGURE 2. Presence of the accD gene in leeli. Southern blot of leek DNA digested with 
Hind m (lane 1) and EcoR I (lane 2), and probed with the tobacco accD gene. 
FIGURE 3. Presence of the accD protein in leelc. Panel A: Autoradiograph of a Western 
blot of a gel (30 jig leek protein per lane) probed with accD antibodies and '^Sj.protein A. 
Panel B: Chromatogram of the nitrocellulose filter shown in Fig. IB, probed with accD 
antiserum and a secondary antibody conjugated to alkaline phosphatase. Lane 1: intact leaf, 
lane 2: mesophyll tissue, lane 3: pooled epidermal tissue. 
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CHAPTER 4 
MOLECULAR CLONING OF A cDNA FOR, AND CHARACTERIZATION OF THE 
EXPRESSION OF, ACETYL-CoA CARBOXYLASE FROM SOYBEAN {Glycine max L.) 
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ABSTRACT 
An 873 bp region of the coding sequence for acetyl-CoA carboxylase (ACCase) from 
maize {Zea mays L.) was amplified by PCR, and used as a heterologous probe to isolate a 1.1 
Kbp cDNA from soybean (Glycine max L.). The deduced amino acid sequence of the soybean 
cDNA is 91%, 79%, 77%, 74% and 72% identical to the alfalfa, Arabidopsis, rape, maize, and 
wheat ACCase sequences, respectively. Therefore, the soybean cDNA is a partial clone for 
ACCase. The clone has been expressed in E. coli as a chimeric fusion with the p-galactosidase 
gene. The resultant 148 kD fusion protein has been purified in large quantities for 
immunological studies. We have investigated the distribution of ACCase activity in the organs 
of 14 day old soybean seedlings. The 220 kDa biotin-containing polypeptide of soybean, 
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which is the biotin subunit of ACCase, has also been detected in these organs. The soybean 
cDNA clone detects an mRNA of approximately 8.2 kb on Northern blots of root, cotyledon, 
and hypocotyl RNA, but does not detect this mRNA in primary or trifoliate leaves. There is no 
simple correlation between the accumulation of the 220 kDa biotin-containing polypeptide and 
the mRNA for ACCase in these organs. Southern blotting experiments indicate that there are 
two to four genes for this ACCase in the soybean genome. 
INTRODUCTION 
Acetyl-CoA carboxylase (ACCase) catalyses the conversion of acetyl-CoA to malonyl-
CoA in an ATP- and biotin-dependent reaction (Moss et al., 1972). ACCase from E. coli is 
composed of three functional domains, biotin carboxylase (BCase), biotin carboxyl carrier 
protein (BCCP), and carboxyltransferase (CTase) (Guchhait et ah, 1974; Guchhait et al., 1974; 
Polakis et al., 1974). BCase and CTase are catalytically competent domains, whereas BCCP, 
which anchors biotin covalently to ACCase, is considered to play a crucial structural role in 
enzyme catalysis (Knowles, 1989). These domains reside on four freely dissociable 
polypeptides, since CTase is a dimer of non-identical a and p subunits. These polypeptides are 
all less then 50 kDa in molecular mass. ACCase from mammals and yeast has a distinctly 
different tertiary and quatemary structure. In these organisms, the three functional domains are 
colinear on abiotinylated poypeptide, the molecular mass of which ranges from 220 kDa to 280 
kDa, depending on the species (Samols et al., 1988). Interestingly, the linear order of the three 
functional domains along this multifunctional polypeptide is conserved in all eukaryotic 
ACCases studied. 
Plants are unique in containing at least two structurally different ACCase isozymes. One 
isozyme has a native molecular weight of about 500,0{X), and appears to be a homodimer of a 
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220 to 240 kDa biotinylated polypeptide (Slabas and Hellyer, 1985; Charles and Cherry, 1986; 
Hellyer etal., 1986; Egli et al, 1993; Alban et al, 1994; Ashton et al, 1994; Elborough et ai, 
1994). Analysis of the deduced primary amino acid sequences at the amino terminus of the 220 
kDa ACCase from alfalfa (Shorrosh et al., 1994), wheat (Gomicki et al, 1994), and rape 
(Schulte et al, 1994), indicates that the enzyme lacks a signal transit sequence. Therefore, this 
isozyme is probably cytosolic. A second isozyme is a heteromeric, plastidic ACCase, whose 
tertiary and quaternary structure may more closely resemble that of the E. coli enzyme (Caffrey 
et al, in preparation; BSasaki et al., 1993; Alban et al, 1994; Konishi and Sasaki, 1994). 
These ACCase isoforms may have different metabolic roles in planta, since malonyl-CoA is an 
intermediate in a diverse set of metobolic pathways in different plant compartments. 
To elucidate the structure and metabolic function of ACCase in an agronomically important 
oilseed species, we have begun the biochemical and molecular genetic analysis of ACCase in 
soybean. This paper presents the cloning of a partial cDNA for the homomeric ACCase of 
soybean, and an analysis of the enzyme in rapidly growing soybean seedlings. 
MATERIALS AND METHODS 
Reagents and Chemicals 
A soybean seedling cDNA expression library cloned in the vector X,gtl 1 was a kind gift 
from Mr. Eberson Calvo, Department of Agronomy, Iowa State University, Restriction 
enzymes, Taq DNA polymerase, and nucleic acid molecular size standards were purchased from 
GibcoBRL. Wizard X DNA purification kits and T4 DNA ligase were from Promega. 
NaH'^COs was purchased from Amersham. All other chemicals were from Sigma Chemical 
Company or United States Biochemical Corporation. Vector pBSK+ and E. coli XLl-Blue 
host cells (Stratagene, CA) were used for all plasmid manipulations. 
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Plant Growth and Harvesting 
Soybean seeds {Glycine max L., cv Corsoy) were grown in individual pots containing 40% 
perlite/30% peat moss/30% soil in a greenhouse supplemented with artificial illumination. A 15 
h daylength was maintained throughout the growing period. Seedlings were watered every day 
with tap water until 14 days after planting, and thereafter every other day. For studies of the 
spatial distribution of ACCase activity, protein and mRNA in planta, seedlings were grown until 
the first trifoliate leaves unfolded (12-14 days after planting), at which time the following organs 
were dissected: trifoliate leaves, primary leaves, epicotyl, cotyledons, hypocotyl, and roots. 
Roots were washed briefly under tap water to remove excess soil, and patted dry. Tissues were 
processed iiiunediately, or frozen in liquid nitrogen, and stored at -700C until use. 
PCR Amplification 
Template consisted of DNA from a maize (inbred B73) seedling leaf cDNA expression 
library cloned in >,ZAP II (Stratagene). Two hundred nanograms of DNA from this library 
were used in a 100 fjL PCR reaction, with these components: 10 //m each primer, 0.2 mM 
dNTPs, 1.5 mM MgCh, and 2.5 U Taq DNA polymerase in a buffer supplied by the 
manufacturer. The PCR cycling conditions were as follows: cycle 1:940C/3 min, 480C/1 min, 
720C/1 min; cycles 2 to 26: 940C/1 min, 480C/1 min, 720C/1 min; cycle 27: 940C/3 min, 
480C/1 min, 72OC/10 min. 
Radioactive Labeling of DNA Probes 
DNA restriction enzyme fragments were purified from agarose gels using a commercial 
reagent (Geneclean; BIO 101, CA). The purified DNA fragments were radioactively labeled 
with [a32p]dCTP by random priming (Feinberg and Vogelstein, 1983) using the Klenow 
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fragment of DNA polymerase I. Unincorporated nucleotides were removed from the probe 
reactions by spin dialysis using Sephadex G-25 columns (Sambrook et ai, 1989). The specific 
radioactivity of the probes was estimated as 0.5 GBq per fig DNA or greater. 
Preparation of Protein Extracts 
The recombinant expression vector pJ6-288 (see text) was induced ui highly-aerated E. coli 
XL 1-Blue cultures by the addition of 1 mM IPTG, with subsequent growth at 37°C for 4 h. 
Total protein from small scale cultures (<5 mL) was extracted by boiling the pelleted cells for 5 
min in 1 X SDS Sample Buffer (1% (w/v) SDS, 40 mM Tris-HCl, pH 6.8,5% (v/v) glycerol, 50 
mM DTT). Lysates were centrifiaged at 12,000g for 5 min, and the supematants were collected 
for analysis by SDS-PAGE. To extract soybean protein, plant material (1-2 grams fresh 
weight) was frozen in liquid nitrogen, pulverized in a mortar and pestle while frozen, and 
homogenized as it thawed with 2 to 3 volumes of 100 mM HEPES-KOH, pH 7.0, 20% (v/v) 
glycerol, 1 mM EDTA, 0.1% (v/v) Triton X-100,20 mM p-mercaptoethanol, 10 jUME-64,100 jUg 
mL"' PMSF. Extracts were centrifuged at 10,000^ for 15 min, and the supematants desalted on 
Sephadex G-25 (Pharmacia) spin dialysis columns pre-equilibrated with extraction buffer. 
Extracts were assayed immediately for ACCase activity, used for SDS-PAGE analysis, or 
frozen in liquid nitrogen and stored at -TO^C until use. 
Purification of E. coli Inclusion Bodies 
E. coli inclusion bodies were isolated from cell pellets obtained from 200 mL cultures. 
Cells were lysed on ice for 30 min in 3 mL (per gram of cells) of 50 mM Tris-HCl, pH 8.0,100 
mM NaCl, 1 mM EDTA (Lysis Buffer), supplemented with 2 mg of lysozyme per mL of lysate, 
and 1 mM PMSF. Cell lysis was completed by the addition of 2.5 mg bile salts per mL of lysate, 
and a further incubation for 10 min on ice. The viscosity of the lysate was reduced by 
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sonication, and the inclusion bodies were collected by centrifugation at 12,000^ for 10 min at 
40c. The pellets were washed once with 0.5% (v/v) Triton X-100 in Lysis Buffer and once 
with Lysis Buffer alone. The inclusion body pellets were then boiled in IX SDS Sample 
Buffer for 10 min, and centrifiiged at 12,000g for 10 min at 250C. Supematants were recovered 
and used as the source of fusion protein. 
Enzyme Assays 
ACCase activity was determined as the rate of substrate-dependent incorporation of 
radioactivity from NaH^'^COs into the acid-stable product, as previously described (Wurtele 
and Nikolau, 1990). 1 unit (U) of activity is defined as the amount of enzyme required to 
produce 1 nmol acid-stable product per min at Protein concentration was determined by 
a dye-binding procedure (Bradford, 1976). 
SDS-PAGE and Western Blotting 
Proteins aliquots were adjusted to 1% (w/v) SDS, 40 mM Tris-HCl, pH 6.8, 5% (v/v) 
glycerol, 50 mM DTT, and incubated in boiling water for 5 min. Denatured extracts were 
subjected to electrophoresis in 5% polyacrylamide gels (Laemmli, 1970). Western blotting 
onto nitrocellulose (Shleicher and Schuell) was performed with a Milliblot-SDE Semi-Dry 
apparatus (Millipore) according to the manufacturer's instructions. Nitrocellulose membranes 
were prehybridized and hybridized at room temperature in 1% (w/v) BSA in RB Buffer (0.15 M 
NaCl, 10 mM Tris, pH 8.0, 1 mM EDTA, 0.1% (v/v) Triton X-100). To detect biotinylated 
polypeptides, membranes were incubated with ^^Si-streptavidin for 2 to 4 h, washed three times 
at room temperature for 5 to 10 min in RB Buffer brought to 1 M NaCl, and exposed to X-ray 
film at -IQPC. 
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RNA Extraction and Northern Blotting 
RNA was isolated from seedling organs and tissues by an SDS-phenol extraction method. 
Tissue was frozen in liquid nitrogen, and ground to a fine powder with a mortar and pestle. The 
powder was transferred to a clean polyallomer tube, and vortexed for 5 min in 5 mL of 2% (w/v) 
SDS, 50 mM Tris, pH 8.0, 10 mM EDTA, 20 mM 2-mercaptoethanol per gram of tissue. An 
equal volume of phenol:chloroform:isoamyl alcohol (25:24:1; v/v/v) was added, and after 
vortexing for a further 5 min, the phases were separated by centrifugation at 4^0. The aqueous 
phase was re-extracted with fresh organic solution, and nucleic acids were precipitated from the 
pooled aqueous phases with sodium acetate/ethanol at -20OC for 2 to 4 h. After centrifugation 
at 12,000g for 15 min, nucleic acid pellets were dissolved in DEPC-treated water, and RNA was 
further purified by two rounds of precipitation in 2 M LiCl for 2 to 3 h on ice. RNA pellets 
were resuspended in DEPC-treated water at a final concentration of 3 to 10 mg mL-l. RNA 
was fractionated by electrophoresis in 0.5% agarose gels essentially as described (Foumey et 
ah, 1988), except that formaldehyde was used in the gels at a final concentration of 2.2 M. Prior 
to Northern blotting, gels were soaked in the following solutions for the times indicated: 10 X 
SSC, 30 min; 20 X SSC, 30 min; 50 mM NaOH, 50 mM NaCl, 10 min; 20 X SSC, 30 min. 
Northern blotting to Magna Nylon membranes (MSI) was conducted with 20 X SSC. 
Membranes were prehybridized and hybridized at 650C in 5X SSPE, 50 mM Tris-HCl, pH 8.0, 
10 mM EDTA, 0.2% (w/v) SDS, IX Denhardt's solution, 10% (w/v) sheared fish sperm DNA, 
10% (w/v) dextran sulphate. Following hybridization, membranes were washed twice with 2 X 
SSC at room temperature for 10 min. 
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Isolation of DNA and Southern Blotting 
DNA was extracted from soybean leaves by the method of Dellaporta (Dellaporta et al, 
1983). Approximately 20 of isolated DNA was digested with EcoRI or HindSll for 3 hr at 
370c. Restriction enzyme fragments were separated by electrophoresis in a 0.8% agarose gel. 
The DNA was blotted to a nylon filter (Southern, 1975) and probed with 32p-labelled ACCase 
cDNA probes. Hybridization of the probe to the immobilized DNA fragments was conducted 
as described for Northern blots above. The nylon membrane was then washed to a final 
stringency of 0.2 X SSC, 0.2% (w/v) SDS at 650C for 30 min, and exposed to X-ray film at 
-IQ^C. 
Sequence Analysis 
All computer-assisted DNA and amino acid sequence analysis was performed with the 
GCG suite of software. Version 8-UNK (Group, 1994), on a UNDC-based, distributed DEC 
workstation. 
RESULTS 
Isolation of a Partial cDNA for ACCase of Soybean 
Based on the sequence of a 4.3 kb partial cDNA coding for the maize 240 kDa ACCase 
(pA3) (Ashton et al., 1994). we designed primers to amplify by PCR a segment of the maize 
ACCase sequence from a maize cDNA library. The primers used are as follows: Upper: 5'-
GAGGCTTCTCTGGTGGACAAA-3' (Ul); Lower: 5'-TCTTGACTTCCTGAACAAACT-3' 
(LI). The desired 873 bp segment of the maize pA3 clone, between positions 3035 and 3907 
(Fig. lA), codes for 290 amino acid residues at the carboxy terminus of the deduced maize 
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amino acid sequence, four residues upstream of two tandem, in-frame termination codons (at 
nucleotide positions 3919 and 3922, respectively). We chose to amplify a region at the carboxy 
terminus of the maize ACCase protein sequence since this region is well conserved at the amino 
acid level in all plant ACCases analysed to date (see Fig. 4). Moreover, this strategy would be 
expected to maximise the possibility of obtaining a clone from the oligo(dT)-primed maize 
cDNA library used as PCR template DNA in this experiment. 
The PCR primer pair was used in PCR reactions containing serial dilutions of DNA 
isolated from a maize seedling leaf cDNA expression library (see Materials and Methods). 
Agarose gel electrophoresis of aliquots of total PCR reactions revealed a single DNA 
amplification product in reactions containing 2 |ig and 0.2 |ig of template DNA (Fig. IB, lanes 
1 and 2 respectively). The PCR-amplified product had an estimated size of 800-900 bp. A 
partial restriction map of the product using Acc I, Hae HI, Hind III, and Kpn I produced 
restriction fragments which corresponded closely in size with those predicted from the cognate 
maize pA3 sequence (data not shown). The amplified product was gel-purified, and was 
sequenced directly using U1 and LI as sequencing primers. The sequences obtained confirmed 
that the amplified product represented the desired maize ACCase sequence (data not shown). 
The amplified product, termed PCR873, was digested with EcoR I and BamU I, and the 
resultant 802 bp fragment was cloned into pBSK+ to generate plasmid pPCR873. The insert 
DNA in pPCR873 therefore represents a partial cDNA clone of the maize 240-kDa ACCase. 
The maize insert DNA from pPCR873 was purified and radioactively labelled with [a-
32p]dCTP by random priming (Feinberg and Vogelstein, 1983). The radioactive fragment was 
used as a probe to hybridize approximately 200,000 plaque-forming units of a Xgtl 1 soybean 
seedling cDNA expression library by standard protocols (Sambrook et al., 1989). Radioactive 
nylon filters were washed three times for 20 min each at room temperature in 0.5 X SSC, 0.2% 
SDS (primary and secondary screening) or 0.2 X SSC/0.2% SDS (tertiary screening) prior to 
autoradiography. Two putative soybean ACCase clones (U3RI and XJ6RI) were isolated to 
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plaque purity. The hybridization of both soybean clones to pPCR873 insert DNA was 
confirmed by Southern blotting of purified, restriction enzyme-digested phage DNA (data not 
shown). However, one of these clones (AJ3RI) proved intractable to both subcloning and PGR 
amplification, possibly as the result of a rearrangement in the X vector. Therefore, a single X 
clone, XJ6RI, was further characterized. 
The soybean DNA in AJ6RI was amplified by PGR using the X,gtl 1 forward and reverse 
sequencing primers. A single amplification product, of approximately 1.1 kb in size, was 
obtained (data not shown). The amplified product was gel-purified, and the ends were 
sequenced with the ^gtl 1 sequencing primers. The soybean cDNA contained an internal fcoR 
I site, and was therefore subcloned from AJ6RI into pBSK+ as two, non-overlapping EcoR I 
fragments. Plasmid pJ6RIa contains a 440 bp EcoR I fragment; pJ6RIb contains a 600 bp 
EcoR I fragment (Fig. 2). The pJ6RIa subclone was fully sequenced on both strands. 
Additional subclones were generated from U6RI, and sequenced to confirm that the internal 
EcoR I site represents the 3' and 5' termini of pJ6RIa and pJ6RIb, respectively (Fig. 2). 
The complete nucleotide sequence of the soybean AGGase cDNA was compared with the 
maize pA3 AGGase sequence (Fig. 3). In the overlapping region these sequences are 71% 
identical. By comparison, the sequence identity of the soybean AGGase clone with the gene for 
AGGase from rat (Lopez-Gasillas et al, 1988) and yeast (Al-Feel et al., 1992) is 39% in each 
case. These levels of sequence identity strongly suggest that the cDNA cloned in XJ6RI is a 
partial cDNA clone for soybean AGGase. 
Only one translational reading frame is open along the entire length of the cDNA in ^6RI. 
The predicted amino acid sequence from this open reading frame (346 residues) was compared 
with the amino acid sequences of AGGases from 5 plant species (Ashton et al., 1994; Gomicki 
et al, 1994; Roessler et al., 1994; Schulte et al, 1994; Shorrosh et al, 1994), and with 
AGGases from mammals (Lopez-Gasillas et al, 1988; Takai etal, 1988), yeast (Al-Feel et al, 
1992), the photosynthetic alga Cyclotella cryptica (Roessler and Ohlrogge, 1993), and E. coli 
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CTase subunits a and p (Kondo et ai, 1991; Li and Cronan, 1992). The results of these 
comparisons are presented in Table I. The degree of homology of the soybean deduced amino 
acid sequence with both plant and non-plant ACCases confirms that this clone is a partial 
cDNA for soybean ACCase. The higest overall level of identity is between the soybean and 
alfalfa sequences. The soybean sequence is slightly more closely related to the ACCases from 
the dicots Arabidopsis thaliana and Brassica napus (77-80% identity) than to those from the 
monocots Zea mays and Triticum aestivum (72-75% identity). These data support the 
hypothesis that higher plant ACCase genes arose from a common ancestor prior to the 
divergence of the dicots and monocots. The soybean ACCase amino acid sequence shows 
amino acid identities of 48 to 50%, and similarities of 67 to 70%, when compared with 
ACCases from rat, chicken, yeast, and Cyclotella cryptica. These degrees of homology are 
significantly higher than those at the nucleotide level, and may reflect the strong evolutionary 
pressures to maintain primary amino acid sequence for mechanistic reasons (ICnowles, 1989). 
Amino acid identity of the soybean ACCase to the a and p subunits of E. coli CTase is less than 
20%, although when conservative substitutions are considered, amino acid similarity rises to 49 
and 43%, respectively. 
The primary amino acid sequences of all the ACCases described above, with the exception 
of the E. coli CTase subunits, are aligned with the soybean ACCase (top line) in Figure 4. Two 
independent clones are reported for wheat ACCase (Elborough et ai, 1994; Gomicki et al., 
1994), and are included in this analysis. The alignment was performed using the approximately 
360 amino acid region of each ACCase sequence which had been previously identified (in a 
pairwise alignment) as the region of homology with soybean ACCase. The amino acid 
positions encompassing each ACCase sequence used are given in the figure legend. The 
PILEUP program of the GCG Wisconsin Sequence Analysis Package (Group, 1994) produced 
the alignment according to the progressive alignment method of Feng and Doolittle (Feng and 
Doolittle, 1987). Amino acids conserved in all plant sequences are underscored with open 
100 
circles. Closed circles designate amino acids identical to the soybean sequence and conserved 
in at least 9 of the 10 other ACCase sequences. Almost 40% of the amino acids present in the 
soybean ACCase sequence (138 residues) are conserved in at least 9 of the 10 other sequences, 
i.e., are conserved across phylogenetic kingdoms. Of these conserved amino acids, 60% occur 
in the amino terminal-half of the soybean ACCase. These residues may be critical for the 
structural or functional integrity of all ACCases, irrespective of biological origin. In addition to 
these almost universally conserved residues, another 18% of the soybean residues (62 residues) 
are conserved in all plant ACCases. Of these, fully 70% are in the amino terminal-half of the 
soybean sequence. Overall, therefore, 63% of amino acids conserved in all plant ACCases are 
present in the amino terminal-half of the soybean sequence, and 37% are in the carboxy 
terminal-half of the sequence. Indeed, most conserved plant residues (80%) are located in the 
amino terminal two-thirds of the soybean sequence. Thus, conservation of sequence is not 
uniform throughout the regions compared here, suggesting that features critical for soybean 
ACCase activity are clustered at the 5' end of the partial soybean cDNA. 
The catalytic function of the CTase domain of ACCase is to transfer the carboxyl group 
from enzyme-bound carboxybiotin to acetyl-CoA (Guchhait et al., 1974). Based on amino acid 
sequence similarity with the E. coli CTase a-subunit (Table I), the soybean sequence cloned in 
this study probably codes for a portion of the CTase domain. In support of this conclusion, the 
soybean ACCase clone spans the putative acetyl-CoA-binding site, a 20-residue sequence which 
is conserved in the CTase domain of both prokaryotic and eukaryotic ACCases (Li and Cronan, 
1992; Roessler and Ohlrogge, 1993; Shorrosh et al, 1994). The cognate sequences from 
ACCases of alfalfa, rat, yeast, and the E. coli CTase a subunit are compared to the soybean 
sequence in Figure 5. As expected from the degree of similarity overall, the putative acetyl-
CoA-binding site of soybean corresponds most closely to that of alfalfa ACCase. Similarity 
decreases with evolutionary distance from soybean, such that only 7 of the 20 amino acid 
residues of the soybean sequence are identical in the E. coli CTase a subunit. It should be 
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noted, however, that no functional evidence for the role of this short sequence in binding acetyl-
CoA has been adduced. Since the CTase domain also interacts with carboxybiotin, a 
carboxybiotin binding site must be present in the CTase domain. Inspection of the aligned 
ACCases in Figure 4 reveals a number of short regions which show exceptionally high degrees 
of conservation in all ACCases, e.g., soybean residues 103 to 122, or 125 to 144. Conceivably, 
these regions could play roles in the binding of acetyl-CoA or carboxybiotin. 
Heterologous Expression of Recombinant Soybean ACCase 
As an initial step to generate antibodies against the soybean ACCase, a portion of the 
soybean insert of ^J6RI was expressed as a P-galactosidase fusion protein in E. coli. 
Expression was achieved by cloning an 844 bp Hind llUEcoR I fragment of the soybean 
cDNA, at the 3'-end of the p-galactosidase gene in the expression vector pUR288. The 
resuhing recombinant plasmid (pJ6-288) expressed a p-galactosidase-ACCase fusion protein. 
pJ6-288 was constructed as follows (Fig. 6A). A 6.5 kb Hindlll restriction fragment from 
AJ6RI containing the ACCase cDNA was subcloned into pBSK+, and a plasmid with the 
desired orientation (pJ6Hl) identified by restriction enzyme mapping. A partial EcoKl 
digestion of pJ6Hl, to remove the X.gtl 1 sequence present at the 3' end of the soybean clone, 
released an ficoRI fragment of approximately 3.8 kb in size, which, when self-ligated, produced 
pJ6HR865. Restriction enzyme mapping of this plasmid with the enzyme Hinc II confirmed 
that the 600 bp EcoRI fragment present in the soybean clone had not reversed orientation 
during the partial EcdR I digestion. The soybean sequence in pJ6HR865 was then cloned in-
frame into the p-galactosidase expression vector pUR288 (Ruther and Muller-Hill, 1983) as a 
Sal VXba I fragment, to generate pJ6-288. The recombinant expression vector was transformed 
into E. coli XL 1-Blue cells to produce the strain SB-ACCl. The subcloning steps described 
above resulted in the insertion of 12 nucleotides from the pBSK+ vector (between the Sal I and 
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Hindi in restriction enzyme sites) between the p-galactosidase gene and the soybean ACCase 
sequence (Fig. 6B). The addition of this short stretch of nucleotides maintained the correct 
reading frame at the junction of the two sequences. Similarly, 31 nucleotides from pBSK+ 
were retained at the 3' end of the soybean clone. Neither of these additional sequences would 
be expected to interfere with the correct expression of the fusion protein. The predicted size of 
the fusion protein that would be expressed from pJ6-288 is approximately 145 kD. 
The p-galactosidase gene in pUR288 is under the control of the /acUV5 promoter, and can, 
therefore, be regulated by the lac repressor and IPTG. E. coli XL 1-Blue cultures containing 
pJ6-288, pUR288, or no vector were incubated with 1 mM IPTG, and grown for 4 h with 
vigorous aeration at Protein extracts from these cultures were analysed for the 
expression of the p-galactosidase protein by SDS-PAGE and Western blotting. Figure 7A 
shows a Coomassie Brilliant Blue-stained gel containing equal amounts of protein from 
uninduced and IPTG-induced cultures. IPTG-mediated induction of E. coli XLl-Blue cells 
harboring the recombinant expression plasmid revealed the presence of a protein of 
approximately 150 kD (Fig. 7A, lane 6) which was not present in uninduced cultures containing 
pJ6-288 (Fig. 7A, lane 5). This protein was also absent from uninduced or induced cultures 
transformed with pUR288 (Fig. 7A, lanes 3 and 4, respectively), and uninduced or induced 
cultures of the host cell harboring no plasmid(Fig. 7A, lanes 1 and 2, respectively). We 
confirmed that the 150 kD polypeptide was a p-galactosidase fusion protein by sequentially 
probing Western blots of a gel identical to that shown in Fig. 7A with an anti-p-galactosidase 
mouse monoclonal antibody, a rabbit anti-mouse IgG antibody, and i^si-Protein A (Fig. 7B). 
The unique polypeptide of 150 kD in induced cultures of pJ6-288 reacted with the anti-p-
galactosidase antibody (Fig. 7B, lane 6), as did the 114 kD p-galactosidase protein expressed 
from pUR288 (Fig. 7B, lane 4). No '^sj-iabeled proteins were detected in uninduced cultures, 
or in the untransformed host cells. The reaction of the anti-p-galactosidase antibody with 
polypeptides lower than 114 kDa (Fig. 7B, lane 4) and 150 kDa (Fig. 7B, lane 6) is indicative 
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of the presence of proteolytic degradation products of the p-galactosidase protein and the p-
galactosidase fiasion protein, respectively. 
The strain SB-ACCl was used to express and purify the 150 kD recombinant ACCase 
fusion protein. Upon large-scale induction of SB-ACCl, the 150 kD fusion protein was found 
to be enriched in E. coli inclusion bodies. The inclusion bodies were purified as described (see 
Materials and Methods), and proteins were extracted with a 1% SDS extraction buffer. 
Aliquots of these extracts were subjected to SDS-PAGE and the gels were stained with 
Coomassie Brilliant Blue. The prominently-stained band at approximately 150 kD was excised 
(data not shown). Polyacrylamide gel slices, each containing approximately 100-200 jig of 
fusion protein, were lyophilyzed and stored at room temperature. These preparations of the 150 
kDa fusion protein will be utilized to generate antisera against the recombinant soybean 
ACCase protein. 
Accumulation of ACCase Enzyme Activity in 14 Day Old Soybean Seedling Organs 
We investigated the distribution of ACCase activity in various organs of 14 day old 
soybean seedlings. The plants were grown in individueil pots in a greenhouse under ambient 
light, supplemented with artificial illumination, until the young (trifoliate) leaf had just unfurled 
(total seedling height approximately 25 cm). The following organs and tissues were collected: 
roots, hypocotyl, cotyledon, epicotyl, primary leaf, trifoliate leaf (Fig. 8). Proteins were 
extracted from each sample under non-denaturing conditions, and monitored for ACCase 
activity (see Materials and Methods). ACCase specific activity was highest in the hypocotyl, 
which contained 4.1 U/mg protein of activity (Table II). Specific activity was also high in the 
epicotyl (3.3 U/mg protein). These data probably result from the low protein concentrations in 
both these tissues (data not shown). The levels of specific activity in primary and trifoliate 
leaves were comparable, at 3.2 and 2.0 U/mg protein, respectively. Roots also showed activity 
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for ACCase, at 2.2 U/mg protein. Cotyledons were least active for the enzyme, having a specific 
activity of 1.3 U/mg protein. 
Accumulation of the 220 kDa Biotin-Containing Protein in 14 Day Old Soybean 
Seedlings 
An ACCase has been purified from the developing seeds of two different lines of soybean, 
the experimental line 9686 and the commercial cultivar Wayne (Charles and Cherry, 1986). 
The purified enzyme from both lines is a biotin-containing protein with a molecular mass of 
220 kDa by SDS-PAGE. We investigated the accumulation of biotin-containing proteins in the 
organs of the 14 day old seedlings described above. Aliquots of protein extracts from these 
tissues, containing equal amounts of protein, were separated by SDS-PAGE in 5% 
polyacrylamide gels, and Westem blots of the gels were probed with radiolabeled streptavidin. 
A biotin-containing polypeptide of approximately 220 kDa (220kDBP) was detected in all 
tissues analysed (Fig. 9A). The 220kDBP was most abundant in young trifoliate leaves. The 
polypeptide was also present in the primary leaves, in roots and in the epicotyl, but was much 
less abundant in the hypocotyl, and was barely detectable in the cotyledons. 
No simple correlation of ACCase activity with the relative abundance of the 220kDBP is 
revealed in the samples analysed here. For example, ACCase specific activity in the hypocotyls 
was twice as high as that in the trifoliate leaves (Table II), whereas the 220kDBP was much less 
abundant in the hypocotyls than in these leaves (Fig. 9A). Furthermore, very little 220kDBP 
was detected in the cotyledons, although ACCase activity was present. Clearly, ACCase 
catalytic activity in these organs and tissues is not simply a function of the cellular abundance of 
the 220kDBP. 
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Accumulation of ACCase mRNA in 14 Day Old Soybean Seedlings 
The pattern of accumulation of the 220kDBP was compared to that of the mRNA for 
soybean ACCase in 14 day old soybean seedlings. RNA was extracted from the organs 
described above, and 30 |ig RNA from each sample was fractionated in 1% agarose/2.2 M 
formaldehyde gels in the presence of ethidium bromide. Irradiation of the gels with UV light 
confirmed that approximately equal amounts of RNA were present in each lane (Fig. 9B), The 
RNAs were blotted to nylon filters, and the resulting Northern blots were probed with the 600 
bp soybean ACCase EcoR. I fragment of pJ6RIb (see Fig. 2 for probe designation). A single, 
low-abundance mRNA species, with an approximate size of 8.2 kb, was detected (Fig. 9C), The 
size of this message is sufficiently large to direct the synthesis of a 300 kD polypeptide. 
Therefore, the cDNA described here represents about 12% of the sequence of the homomeric 
ACCase of soybean. This species of mRNA was most abundant in roots, and was present in 
cotyledons and to a lesser extent in hypocotyls, but was undetectable in the epicotyls and in 
both primary and trifoliate leaves (Fig. 9C). Thus, there is no simple relationship between the 
pattern of accumulation of the mRNA for soybean ACCase and that for the 220kDBP itself. 
Soybean ACCase Genes 
The genomic organization of soybean ACCase was investigated. Soybean genomic DNA 
was digested with EcoR I and Hind. HI, and fractionated by agarose gel electrophoresis. The gel 
was blotted onto a nylon filter, and probed with the entire soybean ACCase cDNA, which had 
been radioactively labeled with [a32p]-dCTP. Hybridization and washing of the filter was at 
high stringency (0.2 X SSC at 650C). Autoradiograms of the filter revealed four radioactive 
bands of equal hybridization intensity in the EcoR. I digest, whereas one strongly-hybridizing 
and one weakly-hybridizing band were present in the Hind HI digest (Fig. 10, lanes 1 and 2, 
respectively). Thus, there may be two (or more) genes for the homomeric ACCase in soybean. 
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In collaboration with Dr. Randy Shoemaker, Departmet of Agronomy, Iowa State University, 
attempts were made to genetically map these genes on soybean genome via RFLP analyses. 
These analyses were thwarted by the inability to detect an RFLP polymorphism between the 
parents of the mapping population. 
DISCUSSION 
With a view to understanding the metabolic role(s) of ACCase in an oilseed species, we 
have begun to characterize soybean ACCase at the molecular genetic and enzymatic levels. As a 
first step, we have cloned a partial cDNA for the soybean 220-kDa ACCase isozyme, based on 
its homology with a maize ACCase clone, pA3 (Ashton et ai, 1994), A PCR-generated maize 
ACCase probe (PCR873) was amplified from a maize seedling leaf cDNA library. We 
confirmed the identity of PCR873 by direct PCR sequencing, and we subsequently used it to 
map two structural genes for ACCase in maize (Caffrey et al., 1995), using families of 
recombinant inbred lines (Burr et ai, 1988), 
The soybean ACCase cDNA clone isolated here is 1,05 kb in length, and is composed of 
DNA entirely from the coding sequence. There is significant homology between the soybean 
sequence and the ACCases from a wide variety of prokaryotic and eukaryotic sources at both 
the nucleotide and amino acid levels. Moreover, the cDNA detects a low-abundance mRNA of 
about 8,2 kb. The soybean ACCase mRNA also corresponds in size to the mRNAs for 
ACCases from wheat (Elborough et al., 1994; Gomicki et ai, 1994), maize (Ashton et ai, 
1994), and alfalfa (Shorrosh et al., 1994), These observations lead us to conclude that the 
cDNA codes for a fragment of the homomeric ACCase of soybean, 
A conservation of the linear order of functional domains along the multifunctional 
polypeptide has been observed for homomeric ACCases from rat, yeast, and the photosynthetic 
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alga Cyclotella cryptica (Roessler and Ohlrogge, 1993). Thus, BCase is located in the amino 
terminal region of the protein, upstream of BCCP. The CTase domain is towards the carboxyl 
terminus of the protein. Homomeric ACCases cloned recently from alfalfa (Shorrosh et ah, 
1994), wheat (Gomicki et al, 1994), and rapeseed (Schulte et al, 1994) conform to this domain 
order. The clone described here is not sufficiently long to reveal whether the same arrangement 
applies to soybean ACCase. However, the degree and position of its homology with the maize 
pA3 sequence suggest the clone codes for a portion of the CTase domain of ACCase. 
Although experimental evidence for the role of the putative acetyl-CoA binding site present in 
CTase domains of ACCases has not yet been presented, the sequence presumably is important 
for function. 
ACCase from monocotyledons has been shown to be the site of action of two distinct 
classes of grass-specific herbicides, the cyclohexanediones and the aryloxyphenoxypropionates 
(Burton etal., 1987; Focke and Lichtenthaler, 1987; Rendina and Felts, 1988; Secor and Cseke, 
1988). These herbicides inhibit purified preparations of the major ACCase (ACCase I) from 
leaves of maize (Egli et al, 1993; Ashton et al, 1994), and ACCase from purified wheat 
chloroplasts (Konishi and Sasaki, 1994), but have little or no effect on the minor form of 
ACCase (ACCase II). In addition, these herbicides do not act on ACCases from broadleaf 
species such as spinach and mung bean (Rendina and Felts, 1988), although there are 
conflicting reports about the herbicide effect on ACCase in pea (Alban et al., 1994; Konishi and 
Sasaki, 1994). Kinetic analyses of the inhibition of barley ACCase by cyclohexanediones 
suggest that the affected reaction is the transfer of the enzyme-bound carboxyl group from 
carboxybiotin to acetyl-CoA, catalysed by CTase (Rendina and Felts, 1988). Thus, it will be of 
interest to investigate more fully differences in sequence among the CTase domain of ACCases 
from monocot and dicot species, and between those of herbicide resistant and herbicide tolerant 
ACCases from monocots, in an effort to elucidate the mechanism of graminicide inhibition. 
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No obvious correlation between the specific activity of ACCase and the abundance of the 
220kDBP was observed in comparisons across a variety of tissues of soybean seedlings. A 
number of explanations for these data are plausible. ACCase activity in different plant 
compartments may be differentially regulated, e.g., by reversible phosphorylation as has been 
described for rat ACCase (Kim et ah, 1989), or by allosteric effectors such as citrate (Egin-
Buhler and Ebel, 1983; Roessler, 1990). Alternatively, isozymes of ACCase may be present in 
soybean (Charles and Cherry, 1986), as described for pea leaves (Sasaki et al., 1993; Alban et 
al., 1994; Konishi and Sasaki, 1994) and carrot somatic embryos (Caffrey et ai, in 
preparation). Indeed, the multisubunit, heteromeric isozyme of ACCase purified from pea 
chloroplasts contains the accD protein, a chloroplast-encoded protein with homology to the 
CTase p subunit of E. coli (Li and Cronan, 1992). The accD gene has been detected in soybean 
using a tobacco accD gene probe (Choi and Nikolau, unpublished observations). Therefore, 
soybean, like pea, may contain a heteromeric isozyme of ACCase. This heteromeric protein is 
unstable in pea chloroplasts, leek mesophyll tissue (Caffrey et ai, submitted), and carrot 
somatic embryos (Caffrey et ai, in preparation), due probably to dissociation of the large 
molecular weight complex of which it is comprised. If an analogous isozyme is present in 
soybeans, a simple correlation of ACCase specific activity with the 220kDBP in different 
tissues would not be expected or observed. 
There was a marked discrepancy between the presence of the 220kDBP and the mRNA for 
ACCase in various organs and tissues in soybean seedlings. In particular, the mRNA for 
ACCase was not detected in primary or trifoliate leaves, whereas these organs had the highest 
amounts of the 220kDBP. A number of explanations of this result are possible. The mRNA 
for this ACCase may be translated with varying efficiency in different organs of the plant. For 
example, the mRNA in root might be translated inefficiently relative to that in leaves. In other 
words, leaf may contain a small amount of the mRNA (below the level of detection by Northern 
blotting), which, nevertheless, gives rise to a significant amount of the 220kDBP, as a 
109 
consequence of high levels of translation of the message. Alternatively, the mRNA may be 
rapidly degraded in the leaves, but less rapidly degraded in other organs (e.g., roots). Such a 
tissue-specific difference in mRNA stability would be reflected in the ability to detect the 
mRNA in some tissues but not others. 
At the protein level, the analysis performed here detects the pool of biotinylated 220 kDa 
polypeptide. It is conceivable that significant amounts of non-biotinylated 220 kDa polypeptide 
(i.e., apoprotein) may exist in some tissues (e.g., cotyledons) but not others (e.g., leaves). 
Organ-specific differences in the size of the apoprotein pool might be reflected in differential 
accumulation of the biotinylated form of the polypeptide. The accumulation of the biotinylated 
form in turn is dependent on the rate of biotinylation of the apoprotein by holocarboxylase 
synthase (Moss and Lane, 1971). Conceivably, the 220kDBP, and therefore ACCase activity, 
may be regulated in plants by mechanisms involving biotinylation of the apoenzyme, as has 
been observed for the 75 kDa biotin-containing subunit of 3-methylcrotonyl-CoA carboxylase 
of tomato (Wang et al, submitted). To investigate this possibility, we are generating antibodies 
to the soybean ACCase fusion protein purified here. The antibodies will allow us to address the 
question of the regulation of ACCase expression by monitoring both the apo- and the holo-
enzyme in these plant tissues. 
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FIGURE LEGENDS 
FIGURE 1. Generation of a maize ACCase probe. A: Schematic representation of the 4.3 
kb maize pA3 cDNA for ACCase. The 873 basepair PCR-amplified region is marked by wavy 
lines. The approximate positions of EcoR I (RI) and BamU I (BI) restriction sites unique to 
PCR873 are shown. B: Ethidium bromide-stained, 1.6% agarose gel, loaded with 0.1 vol. of the 
total PGR reaction used to generate the maize PCR873 probe. Lane 1: 2 ng input template 
DNA; Lane 2:0.2 |Xg input template DNA. 
FIGURE 2. Strategy used to sequence the soybean ACCase partial cDNA. The upper 
diamond shaded bar represents the 1.04 kb )J6RI insert. The clone is oriented from 5' to 3' 
(left to right) on the basis of the alignment of the predicted amino acid sequence with ACCase 
sequences from other organisms. The nucleotide positions of major restriction enzyme sites are 
indicated relative to the 5' end of the clone. RI: EcoR 1; HE: Hinc 11; HIE: Hind. ID; SI: Sac I. 
Below the schematic is the strategy used to identify the complete nucleotide sequence of the 
U6RI insert. Arrows represent the direction and extent of sequence obtained from various 
subclones. Arrows emanating from filled circles represent sequence runs obtained by 
sequencing the PCR-amplified XJ6RI insert with Xgtl 1 primers. The bottom lines designate the 
EcoR I fragments present in plasmids pJ6RIa and pJ6RIb. 
I l l  
FIGURE 3. Alignment of the nucleotide sequence of the soybean XJ6RI insert with that 
of the maize pA3 ACCase cDNA. The soybean (uppercase) and maize (lowercase) 
sequences were aligned using the BESTFIT program of the Genetics Computer Group 
Wisconsin Sequence Analysis Package (Group, 1994). Identical aligned residues are indicated 
with bars; gaps inserted in either sequence to maximize the alignment are indicated with 
periods. 
FIGURE 4. Multiple protein sequence alignment of homomeric plant, mammalian, 
yeast, and algal ACCases. Short regions of the protein sequences of 10 ACCases are 
aligned with that of the soybean ACCase (residues 1-346, top line). The sources of the 10 
ACCases are listed below, with the positions (relative to the full-length ACCase sequences) of 
the first and last amino acids used in the alignment given in parentheses. Symbols indicating 
amino acids conserved in all homomeric plant ACCases {open circles), or amino acids 
conserved in soybean and at least 9 of the 10 other homomeric ACCases {closed circles), are 
marked below the appropriate positions. The putative acetyl-CoA binding site of the CTase a 
domain of ACCase is overlined. The sequences and amino acid regions used are: alfalfa (1820-
2180), rape seed (1870-2230), Arabidopsis (1820-2180), maize (860-1230), wheat-1 (1820-
2180), wheat-2 (110-470), rat (1900-2260), chicken (1870-2240), yeast (1810-2180), and 
Cyclotella (1700-2050). References to these sequences can be found in the text. Wheat-1 
refers to the full-length wheat ACCase sequence (Gomicki et ah, 1994). Wheat-2 refers to a 
distinct partial wheat ACCase sequence from another laboratory (Elborough et al, 1994). 
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FIGURE 5. Alignment of the putative acetyl-CoA binding site from plant, animal, and 
bacterial ACCase. A 20 amino acid region from ACCases of alfalfa, rat, yeast, and E. coli 
CTase a-subunit (CTase-A) overlined in Fig. 4 is aligned (without gaps) with the homologous 
region from soybean ACCase (top line). Amino acids identical to the soybean sequence are 
shaded. The regions aligned are: alfalfa (1884-1903), rat (1967-1986), yeast (1878-1897), E. 
coli a-CT (98-117). See text for references to these sequences. 
FIGURE 6. Cloning strategy to generate the soybean recombinant ACCase expression 
vector pJ6-288. A: Schematic of plasmid manipulations employed to produce pJ6-288. The 
top construct shows the region of XJ6RI around the EcoR I cloning site. The 1.04 kb soybean 
cDNA sequence is shaded with diamonds, and is oriented in the 5' to 3' direction from left to 
right, ^gtl 1 sequences flanking the cloning site are shaded in black with white diagonal bars. 
The direction of expression of the p-galactosidase gene of ^gtll is arrowed. Restriction 
enzyme sites in all constructs are: RI: EcoR I; HIII: Hind III; KI: Kpn I; SI: Sal I; XI: Xba I. 
The second construct shows the 6.7 kb Hind III fragment from U6RI cloned into pBSK+ 
(stippled). The third construct shows the 844 bp soybean ACCase cDNA sequence cloned in 
pBSK+ with all \gtl 1 sequences removed from the 3' end. The fourth construct shows the 
soybean ACCase sequence cloned into the p-galactosidase expression vector pUR288 (heavy 
stipples) as a Sal VXba I fragment. B: Nucleotide and predicted amino acid sequences of the 
junction between the p-galactosidase gene and soybean ACCase cDNA, showing the insertion 
of 4 amino acid residues from the pBSK+ vector. The nucleotides from pBSK+ are shaded. 
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FIGURE 7. Induction and detection of heterologously-expressed recombinant soybean 
ACCase. A: Coomassie Brilliant Blue-stained, 7.5% polyacrylamide-SDS gel of total proteins 
from uninduced bacterial cultures (lanes 1, 3, and 5), or cultures induced with 1 mM IPTG 
(lanes 2,4, and 6). Lanes 1 and 2: XLl-Blue host cells; lanes 3 and 4; host cells containing the 
nonrecombinant expression vector pUR288; lanes 5 and 6: host cells containing the soybean 
recombinant ACCase expression vector pJ6-288. B: Autoradiogram of a Western blot of an gel 
identical to that shown in A, probed sequentially with a mouse anti-p-galactosidase monoclonal 
antibody, a rabbit anti-mouse IgG antibody, and '^Si-Protein A. 
FIGURE 8. Soybean seedling 14 days after imbibition. The organs and tissues harvested 
in this study are indicated. 
FIGURE 9. Distribution of the 220kDBP, and ACCase mRNA, in 14-day-old soybean 
seedlings. A; Western blot of a 5% polyacrylamide SDS-PAGE gel probed with 
streptavidin to detect the 220kDBP. Each well of the gel contained 40 |ig total protein from the 
tissues indicated here. Lane 1: roots; lane 2: hypocotyls; lane 3: cotyledons; lane 4: epicotyls; 
lane 5: primary leaves; lane 6: trifoliate leaves. B: Ethidium bromide-stained 1% agarose/2.2M 
formaldehyde gel of 30 (ig RNA from the sources listed above. The sizes of RNA molecular 
size standards (in kilobases, kb) are shown to the right of the figure. C: Northern blot of a gel 
identical to that in 9B. The filter was probed with the pJ6RIb 600 bp cDNA insert, and washed 
twice with 2 X SSC at room temperature for 10 min prior to autoradiography. The sizes of 
RNA molecular size standards are shown to the right in kilobases (kb). 
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FIGURE 10. Genomic southern blot of soybean DNA. Twenty /ig of genomic DNA from 
young leaves of soybean (cv. Williams) were digested with EcdR I or Hindi HI, and probed with 
the pJ6RIb 600 bp cDNA insert. The blot was washed to a stringency of 0.2 X SSC at 65°C 
for 30 min. Molecular weight size standards are indicated to the side of the figure in kilobases 
(Kbp). 
TABLE L Homology of the soybean ACCase with heteromeric and homomeric 
ACCases at the amino acid level. The full-length amino acid sequence for each ACCase 
(where available) was compared to the 346 amino acid sequence of ACCase from soybean 
using the GAP program of the GCG Wisconsin Package sequence analysis suite of software. 
See text for references to these sequences. 
TABLE n. Distribution of ACCase specific activity in tissues of 14-day-old soybean 
seedlings. ACCase was assayed as described in the Materials and Methods. Data are means 
± standard errors. 
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1 3035 RI BI 3907 4323 
873 bp 
B 
1 2 Kbp 
Figure 1 
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R1 HHI SI RI mil RI 
1 197 377 444 554 1041 
I I I i I I 
^ ^ A ^ > ^ A J > . ^ A A > I . A A A A A A A A A A A A A A A A A A A A A A A A A ^ A A A A A A > ^ A A ^ A J . J  
pJ6RIa pJ6RIb 
Figure 2 
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Soybean 9 CCATTGTAAAGCCACTTGATCCTCCAGAAAGACCAGTGGAGTATTTCCCA 
I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  M  I  I  I  I  I  I  I  I  I  I I  I  I  I  I  
Maize 2636 ctattaccaaacctctggaccctccagacagacctgttgcttacatccct 
Soybean GAAAACTCGTGTGATCCTCGTGCTGCCATTTCTGGAACCTTGGATGGTAA 
I  I  I  I I  I  I I  I  I  I  I  I  I I  I I  I  I  I  I I  I  I  I  I  I I  I  I  
Maize gagaacacatgcgatccacgtgcagctatctgtggtgtagatgacagcca 
Soybean TGGAAGATGGCTGGGAGGAATTTTTGACAAAGACAGCTTTGTGGAGACAC 
I I  I  I  I  I  I  I I I  I  I I  M  I  I  I  M  M  I  I  I I  1 1  I  I  I M  I  1 1  I  I  I  I  I I  
Maize agggaaatggttgggtggtatgtttgacaaagacagctttgtggagacat 
Soybean TAGAGGGATGGGCAAGAACAGTTGTTACAGGAAGGGCAAAGCTTGGAGGA 
I  I I  M I  I  I M I M  I M I M  I  I  I  I  I  I I  I I  1 1  I  I  I  I  I  1  I  I  I  I !  I  I  
Maize ttgaaggatgggcaaaaacagtggttactggcagagcaaagcttggagga 
Soybean ATCCCTGTGGGAGTAGTTGCTGTAGAAACACAGACGGTAATGCAAATAAT 
I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  
Maize attcctgtgggcgtcatagctgtggagacacagaccatgatgcagatcat 
Soybean ACCTGCTGATCCTGGCCAGCTTGATTCTCACGAGAGGGTTGTTCCTCAAG 
I  I  I  I  I  I  I  I I  I  I  I I  I  I  I  I  I  I  I  I  I  I  I  I I  M l  I  I I I  I  I  I  I  I  
Maize ccctgctgatccaggtcagcttgattcccatgagcgatctgtccctcgtg 
Soybean CCGGGCAAGTGTGGTTCCCTGATTCCGCAACCAAGACAGCCCAAGCAATA 
I  I I  M  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I I  I I  I I I  I I  
Maize ctggacaagtgtggttcccagattctgcaaccaagaccgctcaggcatta 
Soybean TTGGATTTCAACA6AGAAGAGCTCCCGCTTTTCATTCTTGCAAACTGGAG 
I I  I I  I  I  I  I  I  I  I  I  I  I  I  I  I I  I I  I  I  I  I  I  I I  I I  M  I  I  I  I  I  
Maize ttagacttcaaccgtgaaggattgcctctgttcatcctggctaattggag 
Soybean AGGCTTTTCAGGAGGGCAAAGGGACCTTTTCGAAGGAATTCTTCAGGCTG 
I  I  I  I  I  I  I I  I I  I I  I  I  I  I  I  I I  M  I I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  M  
Maize aggcttctctggtggacaaagagatctctttgaaggaattcttcaggctg 
Soybean GTTCCACTATTGTGGAGAACCTTAGAACATACAAGCAGCCCATATTTGTA 
I  I I  I I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I I  I  I  I  I  I  M i l l  
Maize ggtcaacaattgtcgagaaccttaggacatataatcagcctgcttttgtg 
Soybean TATATCCCAATGATGGGCGAACTCCGTGGTGGGGCATGGGTGGTTGTTGA 
I I  1 1  1 1  I I I  1 1  M  1 1  1 1  1 1  I  1 1  1 1  M i l l  1 1  1 1  1 1  
Maize Cacattcctatggctggagagcttcgtggaggagcttgggttgtggtcga 
Figure 3 
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Soybean CAGTAGAATCAATTCAGACCACATCGAAATGTATGCCGATCGAACAGCCA 
I I  I  I I I  I I I  I  I  I  I  I  I  I I I  I I  I  I  I  I  I  I I  I  I I  I  I  I  I  
Maize tagcaaaataaatccagaccgcattgagtgttatgctgaaaggactgcca 
Soybean AAGGTAATGTCCTAGAGCCAGAAGGAATGATTGAGATCAAATTTAGAACA 
I  I  I  I  M  I I  M  I I  I I  I I  M i l  I  I  I  I  I  I  M  I  I  I  I  I  1 1  I I  
Maize aaggtaatgttctcgaacctcaagggttaattgaaatcaagttcaggtca 
Soybean AGAGAATTGTTGGAGAGTATGGGTAGACTTGATCAGCAATTGATAACTCT 
I  I  I  I  I I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  
Maize gaggaactccaagactgtatgggtaggcttgacccagagttgataaatct 
Soybean GAAGGCAAAACTTCAGGAAGCCAAGAGTAGCAGGAACATTGTGGCCT... 
I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I I  I  I I I  
Mai ze gaaagcaaaactccaagatgtaa atcatggaaatggaagtctacc 
Soybean TTGAATCCCTACAGCAGCAGATTAAATCACGCGAGAGACAACTTT 
I  I  I  I  I  I  I  I  I  I I  I  I  I  I  I  I  I  I  I  I  I  I  
Mai ze agacatagaagggattcggaagagtatagaagcacgtacgaaacagttgc 
Soybean TGCCTGTGTATACCCAGATAGCTACCAAGTTTGCTGAACTGCATGATACT 
I  I  I  I  I  I  I  I  I  I  I I  I  I  I  I  I  I I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  
Maize tgcctttatatacccagattgcaatacggtttgctgaattgcatgatact 
Soybean TCCTTAAGAATGGCTGCCAAGGGTGTCATTAGAGAAGTTCTGGACTGGCG 
I I I  I  I  I  I  I  I  I  I  I  I  I I  I I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  
Maize tccctaagaatggcagctaaaggtgtgattaagaaagttgtagactggga 
Soybean TAACTCCCGCTCTGTCTTTTACCAGAGACTGCACAGGAGAATTGGTGAGC 
I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I I  I  I I  
Maize agaatcacgctcgttcttctataaaaggctacggaggaggatcgcagaag 
Soybean AATCACTGATCAACAGTGTGAGAGATGCTGCTGGTGACCAATTGTCACAT 
I  I I  I I  I I I  I  I  I  I  I  I  I  I  I  I  I  I I I  
Maize atgttcttgcaaaagaaataaggcagatagtcggtgataaatttacgcac 
Soybean GCATCTGCAATGAACTTGCTCAAAGAATGGTA 1032 
I I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  
Maize caattagcaatggagctcatcaaggaatggta 3662 
Figure 3, continued 
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Soybean N SAIVKPLDPP ERPVEYFPEN ..SCDPRAAI 
Alfalfa Y VPSHVGG..A LPIVKPLDPP EREVEYLPEN ..SCDPRAAI 
Rape seed Y VPAHAGGPLP LPLLSPLDPP ERTVEYVPEN ..SCDPRAAI 
Arabidopsis PAYVGG..P LPVLAPLDPP ERIVEYVPEN ..SCDPRAAI 
Maize VSNILRWLSY VPANIGG..P LPITKPLDPP DRPVAYIPEN ..TCDPRAAI 
Wheat 1 PANIGG..P LPITKSLDPP DRPVAYIPEN ..TCDPRAAI 
Wheat 2 VGG..P LPIVKSLDPP ERAVTYFPEN ..SCDARAAI 
Rat Y MPKNVHS..S VPLLNSKDPI DRIIEFVPTK .APYDPRWML 
Chicken .YTILLWLSY MPKSVYS..P VPILKVKDPI DRTIDFVPTK .TPYDPRWML 
Yeast WMSY VPAKRNM..P VPILETKDTW DRPVDFTPTN DETYDVRWMI 
Cyclotella PKTTDA. .V SPVRECADPV NRDVQWRPTP .TPYDPRLML 
•  0 « * 0  * 0 0  * 0 0  0 *  * 0 0 0  
Soybean SGTLD.GN.G RWLGGIFDKD SFVETLEGWA RTWTGRAKL GGIPVGWAV 
Alfalfa SGTLD.VN.G KWLGGIFDKD SFVETLEGWA RTWTGRAKL. GGIPVGIVAV 
Rape seed AGVND.NA.G KWLGGIFDKN SFMETLEGWA RTWTGRAKL GGVPVGWAV 
Arabidopsis AGVKD.NT.G KWLGGIFDKN SFIETLEGWA RTWTGRAKL GGIPVGWAV 
Maize CGVDD.SQ.G KWLGGMFDKD SFVETFEGWA KTWTGRAKL GGIPVGVIAV 
Wheat 1 SGIDD.SQ.G KWLGGMFDKD SFVETFEGWA KSWTGRAKL GGIPVGVIAV 
Wheat 2 CGIQD.TQGG KWLDGMFDRE SFVETLEGWA KTVITGRAKL GGIPVGIIAV 
Rat AGRPHPTQKG QWLSGFFDYG SFSEIMQPWA QTVWGRARL GGIPVGWAV 
Chicken AGRPNPSQKG QWQSGFFDNG SFLEIMQPWA QTVWGRARL GGIPVGWAV 
Yeast EGRETES... GFEYGLFDKG SFFETLSGWA KGVWGRARL GGIPLGVIGV 
Cyclotella SGTDE ELGFFDTG SWKEYLAGWG KSWIGHGRL GGIPMGAIAV 
• 0 0 • •• •• *0 00*« ••••0* •• 
Soybean ETQTVMQIIP ADPGQLDSHE RWPQAGQVW FPDSATKTAQ AILDFNR.EE 
Alfalfa ETQTVMQIIP ADPGQLDSHE RWPQAGQVW FPDSATKTAQ AILDFNR.EE 
Rape seed ETQTVTQIIP ADPGQVDSHE RWPQAGQVW FPGSAAKTAQ ALMDFNR.EG 
Arabidopsis ETQTVMQIIP ADPGQLDSHE RWPQAGQVW FPDSAAKTAQ ALMDFNR.EE 
Maize ETQTMMQIIP ADPGQLDSHE RSVPRAGQVW FPDSATKTAQ ALLDFNR.EG 
Wheat 1 ETQTMMQLIP ADPGQLDSHE RSVPRAGQVW FPDSATKTAQ AMLDFNR.EG 
Wheat 2 ETETVMQVIP ADPGQLDSAE RWPQAGQVW FPDSAAKTGQ ALLDFNR.EE 
Rat ETRTVELSVP ADPANLDSEA KIIQQAGQVW FPDSAFKTYQ AIKDFNR.EG 
Chicken ETRTVELSIP ADPANLDSEA KIIQQAGQVW FPDSAFKTAQ AINDFNR.EG 
Yeast ETRTVENLIP ADPANPNSAE TLIQEPGQVW HPNSAFKTAQ AINDFNNGEQ 
Cyclotella ETRLVEKIIP ADPADPNSRE AVMPQAGQVL FPDSSYKTAQ ALRDFNN.EG 
• •  0*00 • •  •• •00 0^ 0 0 00 • • • • •  • •  • •  ••O^ •  • • •0 •  
Soybean LPLFILANWR GFSGGQRD LFEG ILQAGSTIVE NLRTYKQPIF 
Alfalfa LPLFIIANWR GFSGGQRD LFEG ILQAGSTIVE NLRTYKQPIF 
Rape seed LPLFILANWR GFSGGQRD LFEG ILQAGSAIVE NLRTYGQPVF 
Arabidopsis LPLFILANWR GFSGGQRD LFEG ILQAGSTIVE NLRTYRQPVF 
Maize LPLFILANWR GFSGGQRD LFEG ILQAGSTIVE NLRTYNQPAF 
Wheat 1 LPLFILANWR GFSGGQRD LFKG ILQAGSTIVE NLRTYNQPAF 
Wheat 2 LPLFILANWR GFSGGQRD LFEG ILQAGSMIVE NLRTYKQPAF 
Rat LPLMVFANWR GFSGGMKD MYDQ VLKFGAYIVD GLRECSQPVM 
Chicken LPLMVFANWR GFSGGMKD MYDQ VLKFGAYIVD GLREYRQPVL 
Yeast LPMMILANWR GFSGGDLQAC KLSQLYMFNE VFKYGSFIVD ALVDYKQPII 
Cyclotella LPVMIFGNWR GFSGGSRD MSGE ILKFGSMIVD SLREYKHPIY 
••000 •••• •••••GO* 00 0 0«00«0 ••O •• 0 
Figure 4 
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Table I 
Alfalfa Arabidopsis Brassica Maize Wheat Rat Chicken Yeast Cyclotella CTase-A CTase-B 
% Identity 91.3 79.6 77.2 74.4 71.8 49.3 49.0 49.4 48.5 21.9 18.5 
% Similarity 95.6 88.1 87.3 86.3 84.3 67.6 69.2 69.8 61.1 49.0 42.8 
Table n 
Root Hypocotyl Cotyledon Epicotyl Primary leaf Trifolate leaf 
ACCase (nmol/min/mg 
protein) 
2.2 ± 0.4 4.1 ± 1.5 1.3 + 0.3 3.3 ± 0.9 3.2 ± 0.6 2.0 ± 0.2 to 
00 
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CHAPTERS 
GENERAL CONCLUSIONS 
Summary 
This dissertation has presented data on two ACCases isoforms from dicotyledonous and 
monocotyledonous plants. Chapter 2 describes the identification and biochemical 
characterization of a novel isozyme of ACCase from carrot somatic embryos. We purified the 
biotin-containing polypeptides from torpedo-staged carrot somatic embryos by avidin-affinity 
chromatography, and raised antibodies against a purified preparation of the 60 kDa biotin-
containing polypeptide (60kDBP). The antibodies were used to investigate the structural, 
immunological, and enzymatic properties of the polypeptide. The antibodies detected both the 
60kDBP and the 35 and 32 kDa biotin-containing polypeptides (35kDBP and 32kDBP, 
respectively), by Western blotting. The basis for the immunological similarity between the 
60kDBP and the lower molecular weight biotin-containing polypeptides was determined to 
reside in the primary structure of these polypeptides. The anti-60kDBP antiserum 
immunodepleted ACCase activity from crude extracts of carrot somatic embryos, and co-
precipitated the 60kDBP, the 35kDBP, and the 32kDBP. Thus, the 60kDBP represents the 
biotin subunit of ACCase from canrot somatic embiyos. 
This ACCase contains at least two other non-biotinylated subunits of about 90 kDa (the 
accD protein) and 37 kDa. The ACCase holoenzyme is a very large molecular weight complex 
in vivo, which dissociates during biochemical manipulation with a concomitant loss of 
enzymatic activity. These characteristics are reminiscent of E. coli ACCase, a heteromeric biotin 
enzyme composed of 4 separate proteins (Guchhait etai, 1974; Guchhait etai, 1974; Polakis 
et al, 1974). The carrot 60kDBP is initially translated as a 66 kDa polypeptide, suggesting that 
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the primary translation product may contain a peptide transit sequence. The ACCase containing 
the 60kDBP may, therefore, reside in the plastids in plants. The 60kDBP accumulates to a 
greater degree as carrot somatic embryos develop. Thus, the 60kDBP-containing ACCase is 
developmentally regulated, and may function to provide malonyl-CoA for processes in the 
embryo and/or in the germinating seed. The data from carrot are in agreement with the finding, 
in pea leaf chloroplasts, of an ACCase with a biotin-containing subunit of 35 kDa. The pea 
chloroplastic biotin-containing polypeptide is found in a complex with several other 
polypeptides of different molecular masses, including the chloroplast-encoded accD protein 
(Sasaki etal., 1993; Alban etal., 1994; Konishi and Sasaki, 1994). 
The work reported in Chapter 2 clearly demonstrates that plants contain at least two 
structurally distinct forms of ACCase. We conclude this from the fact that we resolved a 
heteromeric, unstable form of ACCase from a homomeric, stable form of the enzyme. This 
latter ACCase enzyme has a native molecular mass of approximately 500 kDa, and is composed 
of two identical, multifunctional polypeptides of 240 kDa. The homomeric structure of this 
carrot ACCase isozyme resembles that for ACCase purified from maize leaves, pea leaves, 
soybean seeds, rape seeds, and the photosynthetic alga Cyclotella cryptica (Slabas and Hellyer, 
1985; Charles and Cherry, 1986; Hellyer etal, 1986; Roessler, 1990; Egli etal, 1993; Alban et 
al, 1994; Ashton etal, 1994). 
Chapter 3 describes the identification and distribution of the two isozymes of ACCase in the 
leaf tissues of the monocot leek. The homomeric ACCase has a biotin subunit of 210 kDa, and 
is found exclusively in the epidermis of the leaf. The heteromeric ACCase has a biotin subunit 
of 35 kDa, and also contains the accD protein. On the basis of the relative amounts of these 
two polypeptides, the heteromeric ACCase is equally abundant in the epidermis and the 
mesophyll tissues of leek leaves. To our knowledge, this report is the first demonstration of the 
presence of a heteromeric ACCase in a monocotyledonous species. 
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Chapter 4 describes the cloning and characterization of a partial cDNA for the biotin 
subunit of the homomeric ACCase of soybean. The cDNA is highly homologous to the genes 
for this isozyme of ACCase from a number of other dicotyledonous and monocotyledonous 
plants, and from mammals, yeast and algae (Lopez-Casillas et al, 1988; Takai et al, 1988; Al-
Feel etal, 1992; Roessler and Ohlrogge, 1993; Ashton etal, 1994; Elborough et al., 1994; 
Gomicki et al., 1994; Schulte et al., 1994; Shorrosh et al„ 1994). We analysed the available 
amino acid sequences to identify residues important for ACCase catalytic function in all species, 
as well as those critical for ACCase activity in plants. The distribution of ACCase activity in 
various organs of 14-day old soybean seedlings was determined. We also compared the 
distribution of the 240 kDa biotin-containing polypeptide of soybean with the mRNA for this 
polypeptide in the same organs and tissues. Amount of ACCase activity did not correspond in 
any simple way with the abundance of the 220 kDa biotinylated polypeptide. This finding may 
reflect differential regulation of the enzyme catalytic activity in different tissue types. 
Alternatively, the data are consistent with the hypothesis that distinct isozymes of ACCase exist 
in this species. Moreover, the 220 kDa biotinylated polypeptide showed a pattern of 
accumulation different from that of the mRNA for the gene for this polypeptide, suggesting that 
the regulation of enzymatic activity of this isozyme of ACCase may occur at multiple levels of 
gene expression. 
Appendix A describes the mapping of two unlinked structural genes for the homomeric 
ACCase of maize, work which arose from the cloning of the soybean ACCase cDNA. The 
chromosomal locations of these genes coincide, to within a reasonable genetic distance, with the 
locations of mutations which alter some of the biochemical properties of maize ACCase (Parker 
et al., 1990; Marshall etal., 1992). 
Appendix B presents data unrelated to plant ACCase, although gathered in the course of a 
cloning experiment to isolate a cDNA for plant ACCase. The appendix describes the cloning, 
sequencing, and analysis of a carrot cDNA which is preferentially expressed in the roots of 
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carrot seedlings. The expression of the gene in roots is also temporally regulated. The deduced 
amino acid sequence of this cDNA shows significant homology with the deduced amino acid 
sequence from a translational open reading frame in maize (Talbert and Chandler, 1988). The 
maize sequence has been shown to be present as a region of the internal sequence of the maize 
transposable element Mu2. Therefore, the cloning of the carrot cDNA supports the hypothesis 
that the structure of the Mu transposable elements of maize arose as a result of the sequestering 
of DNA sequences from stable, expressed genes by the termini of Mu transposons (Taylor and 
Walbot, 1987). This report is the first to describe the cloning of a cDNA sequence, and a non-
maize sequence, with homology to the Mu2 intemal sequence. 
Future Work 
The finding of structurally distinct isozymes of ACCase in the plant species studied here 
(D. carota, A. porrum) provides a possible explanation for the question of how plants provide 
malonyl-CoA for different metabolic pathways. These pathways are spatially and/or temporally 
separated from each other. Aspects of the work described here suggest that the heteromeric 
ACCase is plastid-localized, and, presumably, involved in the de novo biosynthesis of plant fatty 
acids. The homomeric ACCaseisozyme is probably cytosolic, being responsible for providing 
malonyl-CoA for cuticular wax biosynthesis, and the synthesis of a variety of plant primary and 
secondary metabolites. However, the metabolic role(s) of the different ACCase isozymes may 
be more complicated than is suggested by the initial observations reported here. Thus, we need 
to identify those pathways utilizing malonyl-CoA produced by the homomeric ACCase from 
those utilizing malonyl-CoA produced by the heteromeric ACCase. This objective is most 
readily achieved by an intensive study of the biochemical properties of the two isoforms, and 
their expression at the cellular and subcellular levels. 
139 
The major goals of future work are to fully characterize the structure and metabolic function 
of the heteromeric ACCase in plants. The enzyme is unstable, presumably as a result of 
dissociation of some or all of its component subunits. Conditions to rapidly extract and purify 
the enzyme must be determined. The biochemical and genetic characteristics of the enzyme can 
then be addressed. In this regard, it is of note that the leek mesophyll tissue may provide a 
convenient source of material from which to purify the heteromeric ACCase away from the 
homomeric form. In addition, the structure of this ACCase may be elucidated by molecular 
genetic methodologies. For example, the accD protein has been cloned from the chloroplast 
genome of tobacco (Shinozaki et al, 1986). Our laboratory has recently used an Arabidopsis 
anonymously-sequenced expressed sequence tag cDNA as a clone for the biotin subunit of the 
heteromeric ACCase (Choi et al, manuscript submitted). It may be possible to express either 
of these genes in a yeast two-hybrid system, to identify clones for the other subunits of the 
enzyme. The work presented here describes a number of reagents with which to pursue these 
goals. 
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APPENDIX A 
GENETIC MAPPING OF TWO ACETYL-COA CARBOXYLASE GENES 
A short communication submitted to the Maize Genetics Newsletter 
James J. Caffrey'>3, Eve Syrkin Wurtele^-^, and Basil J. Nikolau'-^ 
'Department of Biochemistry and Biophysics, ^Department of Botany, and ^Molecular, 
Cellular, and Developmental Biology Program, Iowa State University, Ames lA 50011. 
The biotin-containing enzyme acetyl-CoA carboxylase (ACCase) catalyses the 
formation of malonyl-CoA from acetyl-CoA. This reaction occurs in at least two spatially 
separate compartments. In the plastids, the reaction is the first conmiitted step in de novo fatty-
acid biosynthesis; in the cytosol, malonyl-CoA is required for the synthesis of a number of 
secondary metabolites, including flavonoids. In some non-Gramineae plants, two structurally 
distinct forms of the enzyme exist: a "multisubunit type", resembling the E. coli ACCase, which 
occurs in plastids, and a "multifunctional type" cytosolic enzyme, resembling yeast and 
mammalian ACCase (Sasaki etai, J. Biol. Chem. 268:25118, 1993; Alban etal, Biochem. J. 
300:557,1994). These isoforms of ACCase can be distinguished by the molecular masses of 
their biotin-containing subunits and by their susceptibility to the aryloxyphenoxypropionate and 
cyclohexanedione herbicides: the multisubunit ACCase is resistant to the herbicides, while the 
multifunctional ACCase is susceptible. In Gramineae plants such as maize, wheat, and rice, the 
multisubunit ACCase appears to be absent, which accounts for the susceptibility of these 
species to graminicides (Konishi and Sasaki, Proc. Nat'l. Acad. Sci. USA 91:3598,1994). 
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In maize, two types of multifunctional ACCase can be resolved by ion-exchange 
chromatography, ACCase I and ACCase H. ACCase I occurs in the plastids of mesophyll cells, 
and is susceptible to inhibition by graminicides, while ACCase II is not in plastids and is 
resistant to these herbicides (Egli et al, Plant Physiol. 101:499,1993). Furthermore, two veiy 
similar partial cDNAs coding for the multifunctional ACCase (pA3 and pA4) have been 
sequenced (Ashton et ah. Plant Mol. Biol. 24:35, 1994). Based on the sequence of the 4.3 kb 
partial cDNA clone (pA3), PCR primers were designed to amplify the 873 bp fragment between 
positions 3035 and 3907 of the maize ACCase cDNA. The amplified DNA product was gel-
purified and end-sequenced to confirm its identity. 
The amplified 873 bp ACCase fragment was used as an RFLP probe to genetically map 
the two structural genes that code for maize ACCase. Two families of recombinant inbred 
plants derived from the crosses Tx303 X CO 159 and T232 X CM37 (Burr et al., Genetics 
118:519, 1988) were used to map these ACCase genes. Southern blot analyses of EcoRl-
digested DNA isolated from each recombinant plant revealed a strongly-hybridizing band that 
was polymorphic in both families. The segregation pattern of this polymorphic band enabled 
the mapping of one ACCase structural gene (accA) to near the centromere of chromosome 2, in 
the interval defined by the RFLP markers umcl31 and uox (ssulB) (Figure 1). 
In addition to the accA band, these blots revealed a second, less intensely-hybridizing 
band that was polymorphic only in the T232 X CM37-derived family. The segregation pattern 
of this band enabled the mapping of the second ACCase structural gene (accB) to chromosome 
lOL, in the interval defined by the RFLP markers ncsu2 and umcI55. The position of the accB 
locus was confirmed by analyzing the segregation of a polymorphism revealed by EcoRW 
digestion of DNA isolated from the same individual recombinant plants. 
The accA locus corresponds in position to the ACCase gene mapped by Egli et al. to 
chromosome 2 (Egli et al., MNL 68:92,1994). A graminicide-resistance locus, termed Accl-S2, 
has been previously mapped to lOL, 6.3 cM from umcl55 (van Dee et al., Agron. Abstracts, 
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p.l98,1992). This resistance locus probably corresponds in position to the accB locus that we 
have mapped here. These data support the conclusion that such herbicide-tolerant mutations 
occur in the structural genes for ACCase. Furthermore, the data imply that the accB locus 
codes for the plastid-located, graminicide-sensitive ACCase I isoform, and the accA locus 
codes for the nonplastid-located, graminicide-insensitive ACCase n isoform. 
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Figure 1. Location of two acetyl-CoA carboxylase genes on the maize genetic map 
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APPENDIX B 
CLONING OF A ROOT-SPECIFIC cDNA OF CARROT THAT SHARES HOMOLOGY 
WITH THE Mu2 TRANSPOSABLE ELEMENT OF MAIZE 
A short communication to be submitted to Plant Molecular Biology 
James J. Caffrey, Greg Keller, Eve Syrkin Wurtele, and Basil J. Nikolau 
Department of Biochemistry and Biophysics (JJ.C., G. K,, B.J.N.), Department of Botany 
(E.S.W.), and Molecular, Cellular and Developmental Biology Program (J.J.C., E.S.W., B.J.N.) 
Iowa State University, Ames, lA 50011 
ABSTRACT 
A 2 Kbp cDNA (FL5-1) was isolated from a carrot somatic embryo cDNA library, and 
fully sequenced. The predicted amino acid sequence of FL5-1 shows significant homology to 
the deduced amino acid sequence of a translational open reading frame of the maize Mw-related 
sequence MRS-A, and of the maize transposable element Mu2. The gene(s) for FL5-1 is 
preferentially expressed in carrot seedling roots, and is expressed at relatively low levels in 
aeriel portions of the plant. The accumulation of the mRNA for FL5-1 is also regulated 
temporally during root development. This report represents the first description, to our 
knowledge, of a non-maize cDNA with homology to the internal sequence of a transposable 
element from maize. 
161 
TEXT 
We isolated FL5-1 as a consequence of screening a cDNA library for genes coding for a 
carrot biotin-containing enzyme. We have identified a 60 kDa biotinylated polypeptide 
(60kDBP) of carrot somatic embryos as the biotin subunit of a novel, heteromeric isozyme of 
acetyl-CoA carboxylase (ACCase) (Caffrey et al, in preparation). Antibodies generated against 
a preparation of the avidin-affmity purified 60kDBP were used to isolate a putative cDNA for 
the biotin-containing polypeptide, by immunological screening of a carrot somatic embryo 
cDNA expression library cloned in A,gtl 1 (McDowell, M. T., MS Thesis, Iowa State University, 
1992). A single cDNA clone, CC6, was isolated and characterized. CC6 is 240 bp long, and 
appears to represent a clone of internal genie sequence, since no poly-A "tail" is present. Only 
one translational reading frame is open along the entire length of the clone. CC6 was 
subsequently used as a DNA probe to isolate a 2 Kbp cDNA (FL5-1), from a carrot somatic 
embryo cDNA library cloned in X.gtlO, by standard protocols (Sambrook et al., 1989). 
Restriction enzyme mapping of FL5-1 revealed the presence of two internal EcoR I 
restriction enzyme sites. Therefore, FL5-1 was initially subcloned into pBSK+ as three non-
overlapping EcoR I fragments. The complete nucleotide sequence of FL5-1 (Fig. 1) was 
determined for both strands by a strategy involving the sequencing of the EcoR I and other 
restriction enzyme fragment subclones. Additional exonuclease Ill-generated deletion 
subclones were sequenced using "universal" primers (data not shown). The sequences flanking 
some internal and terminal restriction enzyme sites were confirmed by sequencing with primers 
specific for FL5-1 (Fig. 1, arrows). FL5-1 is 2061 nucleotides long, including a poly-A tail of 
60 residues. Two polyadenylation signal motifs {shaded ovals) are found within the 110 
nucleotides immediately upstream of the poly-A tail. The nucleotide sequence of CC6 is 
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completely identical with that of a segment of FL5-1 (nucleotide positions 476 to 695), and is 
indicated by an open box (Fig. 1). 
The longest translational open reading frame (ORF) of FL5-1 is from nucleotide position 1 
to position 1812, which would translate a polypeptide of 604 amino acids, having a calculated 
molecular weight of 66,245. The deduced amino acid sequence from this ORF shows no 
significant homology (>20% identity) with the amino acid sequences of ACCases from plants 
(Ashton et al, 1994; Elborough et ai, 1994; Gomicki et al, 1994; Roessler et al, 1994; Schulte 
etal, 1994; Shorrosh et al., 1994), animals (Lopez-Casillas etal., 1988; Takai etal, 1988), 
yeast (Al-Feel etal., 1992), orE. coli(Alix 1989; Muramatsu andMizuno 1989; Kondo etal., 
1991; Li and Cronan 1992; Li and Cronan 1992), or to other biotin enzymes from these sources 
(data not shown). A Met-Lys-Met tripeptide, the almost universally conserved biotin attachment 
site motif present in biotin enzymes (Samols et al., 1988), is not found in the FL5-1 deduced 
protein sequence. These data suggested that FL5-1 represents either a biotin enzyme with a 
novel primary sequence, or a protein unrelated to biotin enzymes. 
A novel biotin storage protein in pea seeds has been cloned and characterized recently 
(Duval et al., 1994). This pea protein contains biotin attached to the Lys residue of the 
tripeptide Gly-Lys-Phe. Moreover, the deduced amino acid sequence of the pea biotin storage 
protein gene is remarkably dissimilar to the sequences of other biotin enzymes, but, rather, 
shares several characteristics common to the class of late embryogenesis-abundant (LEA) 
proteins (Dure et al., 1989). The predicted amino acid sequence of FL5-1 contains a single 
Gly-Lys-Phe tripeptide (positions 126-128; shaded box. Fig. 1). However, FL5-1 shares only 
15% identity and 36% similarity with the pea seed biotin protein at the amino acid level. Thus, 
it is unlikely that FL5-1 encodes a LEA protein related to the pea biotin storage protein. 
Since FL5-1 is an unlikely candidate cDNA clone for carrot ACCase, or for a carrot biotin 
storage protein, yet was isolated (indirectly) using antibodies raised against a carrot biotin 
enzyme, we investigated the origin of PTL5-1 in the screening scheme employed. The Xgtl 1 
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phage containing the CC6 insert DNA was sequenced using purified recombinant phage DNA 
and the Xgtl 1 forward and reverse sequencing primers. The data revealed that the 240 bp CC6 
cDNA is fused to the lacZ gene of Xgtl 1 in the orientation opposite to that in which it occurs in 
FL5-1, In this ("reverse") orientation, the translational reading frame of CCS fused in-frame 
with the lacZ gene is open for 96 nucleotides. Consequently, the p-galactosidase protein is 
extended by 32 amino acid residues at its carboxy terminus. This 32 amino acid-residue 
extension presumably contains epitopes which are recognized by the antibodies raised against 
the carrot 60kDBP, since these antibodies efficiently and specifically detected the p-
galactosidase fusion protein in cell extracts from lysogens containing the CC6 clone, but did not 
recognize the p-galactosidase protein alone (data not shown). The immunological cross-
reactivity of the 32 residue extension of the p-galactosidase protein would explain how CC6, 
hence FL5-1, was isolated. Moreover, the unrelatedness of FL5-1 to known biotin enzymes is 
readily explained in light of the immunological characteristics of the X,gtll clone containing 
CC6. 
To gain insight into the possible identity of FL5-1, the deduced amino acid sequence was 
used as a query, in a computer-assisted Genbank database search, using the tBLASTn program. 
FL5-1 is 59% similar and 39% identical with the predicted amino acid sequence of an open 
reading frame present in a genomic clone of the maize Mutator Related Sequence, MRS-A 
(Talbert and Chandler 1988). The carrot cDNA and maize genomic DNA clones are highly 
homologous over an approximately 100 amino acid region (residues 185-283 of FL5-1; bold 
underline. Fig. 1), 87 residues of 99 being identical. The homology between the sequences is 
much lower both upstream and downstream of this conserved region (data not shown). MRS-A 
was identified originally by homology with a portion of the internal sequence of the maize 
transposable element, Mu2 (formerly Mul.7) (Taylor and Walbot 1987). The highly conserved 
sequence in FL5-1 and MRS-A is also present in Mu2 (data not shown). MRS-A is a stable, 
single-copy gene, since it (i) is expressed in roots, embryos, and suspension cells of maize, (ii) 
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does not contain terminal repeats characteristic of transposable elements, (iii) is present in non-
Mutator maize stocks, and (iv) is highly conserved in Zea and its closely-related species 
(Talbert and Chandler 1988). We conclude that FL5-1 is a cDNA clone of the carrot 
homologue of the MRS-A gene. It has been proposed that the various classes of Mu elements 
present in maize arose as a result of the sequestration of sequences of cellular genes by the 
terminal repeats of the U"ansposons (Taylor and Walbot 1987). The identification of a carrot 
cDNA for a stable gene, whose sequence is related to the internal region of Mu2, supports this 
hypothesis. 
The expression pattern of FL5-1 was determined in developing carrot seedlings. Carrots 
were grown in a greenhouse under ambient illumination, and harvested at various timepoints 
over a four-week period. Seedlings were uprooted, and the ariel portions were detached from 
the roots. Ariel portions were comprised of stems, petioles and primary leaves, in varying 
relative amounts, depending on the timepoint. The roots were rinsed with tapwater, and RNA 
was extracted from both total ariel and root preparations. Equal amounts of RNA were 
electrophoresed in denaturing formaldehyde agarose gels, the gels were blotted by capillary 
transfer to nylon membranes, and the resulting Northern filters were probed with radioactively-
labeled DNA fragments of FL5-1 (Fig. 2). Two mRNA species were detected in this analysis, 
of approximately 1.8 Kbp and 2.1 Kbp in size. The 1.8 Kbp mRNA is dramatically induced 
during root development, being present in roots harvested from nine to 27 days after seed 
imbibition, and showing maximal accumulation at day 17 after imbibition. The 2.1 Kbp mRNA 
is also present in roots, and shows a similar induction profile to that of the 1.8 Kbp species. 
Both mRNAs are present in the ariel portion of seedlings, although no increased accumulation 
of either species was observed in this analysis. Indeed, both species may be less abundant in 17 
day ariel tissues than in younger or older tissues (Fig. 2). Thus, FL5-1 is a predominantly root-
specific gene, whose expression is temporally regulated during seedling development. 
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The identity of the protein product of FL5-1 remains to be elucidated. The deduced amino 
acid sequence of FL5-1 contains a motif loosely conserved in prokaryotes for the attachment of 
a glyceride-fatty acid moiety to lipoproteins (Hayashi and Wu 1990). This motif contains an 
invariant Cys residue to which the lipid is attached. A specific lipoprotein signal peptidase 
cleaves the target protein upstream of the Cys attachment site, and the truncated lipoprotein is 
then directed to the cell membrane. The sequence of residues 100 to 110 of FL5-1 {double 
dashed underline, Fig.l) is consistent with the consensus pattern for this lipid attachment site, 
position 110 being the invariant Cys. However, a number of prokaryotic proteins which do not 
contain lipid moieties contain sequences which conform to the consensus pattern described 
above. Thus, it remains to be seen whether the FL5-1 protein is post-translationally modified in 
this way. 
The FL5-1 protein is 13% Ser, two-thirds of which are present in the carboxy terminus. A 
significant number of the Ser residues are present as di-serines (bold overlines. Fig. 1), which 
are distributed throughout the amino, but especially the carboxy, terminus of the protein. 
Several repeats of these di-serines, separated from each other by six or seven amino acids, are 
found in the carboxy terminal one-quarter of the FL5-1 protein. The significance of these 
characteristics of the sequence is as yet unknown. 
166 
GAATTCCCTAATTTTCAAGAAAACAAACAAGGGCTTGGGCTTTCAAGAAAGCTCTCACCT 6 0 
E F P N F Q E N K Q G L G L S R K L S P  
TTACTTGAATCTGCTGCTTCTGATGATCTTTCTGCGTTCATCCACCAAATTGAAGAAAAC 120 
L L E S A A S D D L S A F I H Q I E E N  
CCTTTTGGAATTAACGAGTTTAGCTTCTGGTATTGTCGAAAACTCGGGTCCAAACAGATG 180 
P F G I N E F S F W Y C R K L G S K Q M  
GGTTTCGAGCAACGATCGCCACTCATGATTGCTGCCACTTATGGGAGCTTAGATGTTGTT 240 
G F E Q R S P L M I A A T Y G S L D V V  
• 
AATTACATAATTGGCTCAGGAAAAGTTGATGTGAATGAGAAATCTGGTACTGATTCTGCT 300 
N Y I  I G S G K V D V N E K S G T D S A  
ACCCCTCTTCATTGTGCGGCTGCTGGATGCTCTGATTCGTCGATCGAGGTTATCAAGATT 360 
T P L H C A A A G C S D S S I E V I K I  
CTTTTAGCTGCATCAGGGGATAGTAATTGTGTTGATATTAATGGGAAAAGGCCTTGTGAT 420 
L L A A S G D S N C V D I N G K R P C D  
GTGATCCCATTGAATGGGAAATTTATGGGGTTGTCGAAAAGGAAACAACTTGAGATTTTTD 480 
M G L S K R K Q L E I L  V I P L N •G'-'-K-'-P. 
ICTAGGAGGGTTTGAGGGTGTAGAGACTGAGATTCCGCAGTGTGTTGAAAAGGAGTGTGTGI 540 
L G G F E G V E T E I P Q C V E K E C V  
IAGTGAGGTAGTGTTGCCTGATATGAATGTTGGAGTGTATGGAAGTGATGAGTTTAGGATGI 600 
S  E  V  V  L P D M N V G V Y G S D E F R M  
ITATAGTTTTAAGGTGAAGCCTTGTCCAGGGCGTATCCATGATTGGACTGAGTGTCCTTTTI 660 
Y S F K V K P C P G R I H D W T E C P F  
IGTTCATCCTGGTGAGAATGCGAGGAGGCGTGAT™AGCAAGTATAGTTATAGTTGTGTG 720 
V H P G E N A R R R D L S K Y S Y S C V  
CCGTGTTTGGAGTTTAAGAAAGGGAGTTGTGTGAAGGGGGATGAGTGTGAGTATGCACAT 780 
P C L E F K K G S C V K G D E C E Y A H  
GGGGTTTTCGAGTCTTGGCTGCATCCGGCTCAGTATAAGACTAGGCTTTGTAAGGATGAG 840 
G V F E S W L H P A Q Y K T R L C K D E  
GTGGGGTGTGGGAGGAAAAGTGTGCTTTTTGCACATAAGAAGGAGGAGGAGTTGAAGGCG 900 
V G C G R K S V L F A H K K E E E L K A  
GTGTATGCTTCAACTGGTTCGGCTATGCCAT£TTCTAATGTACCTTCAACTCCACCTCCA 960 
V Y A S T G S A M P S S N V P S T P P P  
Figure 1. Nucleotide and deduced amino acid sequence of FL5-1 
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OGOACTCCAGTTGTAGCCTGTTCATCGCCAATGAGTGGGAATTCGTGGCAAAACAATaTG 1020 
G T P V V A C S S P M S G N S W Q N N V  
ACACGTTCACCGCCTAAGATGCAGCTTCAGAGTAGCAGATTGAAGGCAGGTTTAAATGCT 1080 
T R S P P K M Q L Q S S R L K A G L N A  
AGAGAAATAGAGCTGGAAAGGGAATTACTTGGACTTGATAGTGTGCGTATTCAGCAGCAT 1140 
R E I E L E R E L L G L D S V R I Q Q H  
AGACAACAGAAGTTTGAGAACTTTGCTAGTATGTCTGCCAAACCCATGTGGAACAATAAT 1200 
R Q Q K F E N F A S M S A K P M W N N N  
CGGTTTGGGGATATGAATGGTACCAATCTTGATGATGTTTTTGGATCTGTTGATTCATCA 1260 
R F G D M N G T N L D D V F G S V D S S  
TATTTGTCACCCCGAATGCAATCTCCAACTGCTCATCAATTGCGTAGCCAAAACATGAAC 1320 
Y L S P R M Q S P T A H Q L R S Q N M N  
CAACAAATCAGGTCAAGCCACATGTCCAACATGATGTCCTCTCCGTCTAGAGAAGTACCT 1380 
Q Q I R S S H M S N M M S S P S R E V P  
GCACATGCCTTTGATTCTTCAGCTGCAGTAATGAATGCAAGGTCATCAGCATTTGCAAGT 1440 
A H A F D S S A A V M N A R S S A F A S  
CGAAGCCATAGCTTTATTGACCGTGGAGCTGTGAGCCACCCACCTCCAGGCTTTACCTCA 1500 
R S H S F I D R G A V S H P P P G F T "  
TCCGCTGCAAATTCAACAACAATGATGTCTTCTAAATTATCAGATTGGAGTTCCTCTGGT 1560 
TA A N S T T M M S S K L S D W S S S G  
• 
GGAAAGCCGGATTGGGGATACCAAGGAGATGATCTGCACAAGCTAAGGAAATCAATGTCT 1620 
G K P D W G Y Q G D D L H K L R K S M S  
TTTGGGTTTCCTCGTGCAAATTCTGCAAACAGTAATCCGAATATGACTCCATACGTTGCT 1680 
F G F P R A N S A N S N P N M T P Y V A  
GATGAGCCAGATGTTTCTTGGGTGAATTCATTGGTGAAAGACGCTTCOTCTCTTGGGGCT 1740 
D E P D V S W V N S L V K D A S S L G A  
GGTGTATACACTACAAAGCAGAGGCATGGACTAGAAGGGGTACATGAGATGCTTCCACTT 1800 
G V Y T T K Q R H G L E G V H E M L P L  
TGGGCCAAGGCCTGAGCTGATGTATATAGAGCAGGAGCAGATGGTTGGCACTATAAGCAA 1860 
W A K A * 
GCTCATTCATTCATTTGGATTCTT^^TTA^ATTTTATCGCTTAATCTTATTGATCTGT 1920 
AGTAGTATATAGCCCTACGTAGCTGAAACATGGTAAAATGTAAGCCCCAAATCTCTTGGA 1980 
CSFTTAAT'^G'TTTACAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 2040 
AAAAAAAAAAAAAAGGAATTC 2061 
Figure 1, continued. 
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Days after 
imbibition 13 17 21 27 13 17 21 27 
2.1 Kbp 
1.8 Kbp 
Ariel Root 
Figure 2. Northern blot of ariel and root RNA probed with FL5-1 
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